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ABSTRACT 
In soybean, PCR amplification has been used to identify a cluster of RGAs 
(Resistance Gene Analogs) on soybean linkage group J (Kanazin et al. 1996). Resistance to 
powdery mildew (Rmd-c), Phytophthorci stem and root rot (Rps2) and an ineffective 
nodulation gene (RJ2) map within this cluster. Using RGA-specific primers and BAC 
fingerprinting, a contig of BACs was developed for this region in cultivar 'Williams 82' 
[rps2, Rnid (adult onset), rj2\ Marek and Shoemaker, 1997], Two cDNAs showing 
homology to RGAs have also been placed in the contig (Graham et al. 2000). Since the two 
cDNAs were derived from different tissues, we became interested in determining if 
differential expression of the R-genes occurs within this cluster. A PCR-based sequencing 
approach and shotgun sequencing of two overlapping BACs were used to identify 15 R-gene 
sequences within this cluster. The R-genes show homology to the TIR/NBD/LRR family of 
disease resistance genes. Two of these R-genes represent a novel class of disease resistance 
genes; TIR/NBD domains fused inframe to a putative secretory protein. RT-PCR analyses 
using gene-specific primers allowed us to monitor the expression of the individual genes in 
different tissues and at different stages of development. We identified six expressed genes, 
three of which where differentially expressed. Sequence analyses of the BAC 91F11 R-genes 
suggest that these genes evolve by the accumulation of point mutations in the LRR, not by 
unequal intragenic recombination. In addition, the cluster of genes has most likely expanded 
through unequal intergenic recombination. Using a variety of techniques we have been able 
to examine the organization, evolution and expression of a disease resistance gene cluster in 
soybean. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
From 1996 through 1998, average soybean yield loss in the United States due to 
disease was 17.2% (Wrather et al. 2001). In the same period, average soybean production 
was 2.7 billion bushels a year (unpublished at http://www.nass.usda.gov:80/ms/vol98-24). 
With soybean prices of approximately $4.50/bushel, 2.1 billion dollars in revenue was lost 
due to disease. Therefore, research on disease resistance in soybean has become very 
important to growers. 
In the last several years, many different disease resistance genes (R-genes) have been 
cloned from plants. These genes were isolated from diverse plant taxa including monocots 
and dicots and confer resistance to a wide variety of pathogens including viruses, bacteria, 
fungi, insects and nematodes. As these genes were cloned, sequence comparisons revealed 
conserved structural domains. Based on the conserved amino acid sequences of one these 
domains, the nucleotide binding domain, degenerate oligonucleotide primers were designed 
for use in polymerase chain reaction (PCR) amplification of resistance gene analogs (RGAs; 
Kanazin et al. 1996; Leister et al. 1996; Yu et al. 1996). Cloning and sequencing of the PCR 
products revealed the RGAs were part of a large multigenc family. Based on nucleotide 
sequences, the RGAs in soybean were divided into nine different classes distinguishable by 
PCR and hybridization (Kanazin et al. 1996). Restriction fragment length polymorphisms 
were used to map the RGAs in the soybean genome. Of particular interest was a cluster of 
class I RGAs on soybean linkage group J. This cluster of RGAs was located in proximity to 
a cluster of previously mapped disease resistance genes: powdery mildew resistance (Rmd-c) 
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and Phytophthora stem and root rot (Rps2) as well as the ineffective nodulation gene. RJ2. 
Using a combination of RGA-specific primers and BAC (Bacterial Artificial Chromosome) 
fingerprinting, a contig of BACs was developed for this region in soybean cultivar 'Williams 
82' [rps2, Rind (adult on set), rj2]. BAC fingerprinting suggested that more than twelve 
RGAs were present within a 700 kb region (Marek and Shoemaker 1997). 
While these RGAs clustered in the genome in a manner similar to resistance genes 
and mapped, in some cases, to locations of known resistance genes, their involvement in 
disease resistance was circumstantial. The RGAs were based on a nucleotide binding domain 
which had been identified in other gene families unrelated to resistance. In order to provide 
evidence that the RGAs could correspond to functional disease resistance genes, we needed 
to demonstrate they contained other disease resistance signatures and were expressed. 
Dissertation Organization 
This dissertation is organized into five chapters. This chapter contains a literature 
review of the gene-for-gene model, R-gene characteristics, pathogen specificity, evolution, 
expression and methods used in cloning disease resistance genes. 
The second chapter is a published manuscript describing the isolation of RGA cDNAs 
from soybean. RGA class-specific probes were used to screen two different soybean cDNA 
libraries by hybridization. Analysis of the resulting cDNAs verified the RGAs had other 
signatures associated with disease resistance genes. In addition, two of the cDNAs were 
mapped on opposite ends of a core BAC in the Williams 82 linkage group J RGA cluster. 
The third chapter is a manuscript describing a PCR-based approach for obtaining 
resistance gene sequences from a core BAC in the linkage group J contig. Based on the 
sequences of the two cDNAs mapped to the contig, a series of oligonucleotide primer pairs 
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were designed to amplify overlapping R-gene segments from a single BAC. Sequencing of 
the amplified fragments allowed us to quickly and efficiently examine the structures of the R-
genes within the BAC and examine the evolutionary forces acting on this cluster of genes. 
The fourth chapter reports the nearly complete sequencing of a core BAC in the 
linkage group J cluster. Sequence analysis revealed the presence of several different types of 
genes including genes with similarity to disease resistance genes, retroclcmcnts, calmodulin 
domains, leucine zipper proteins and secreted proteins. Analysis of the R-gene sequences 
within this BAC has advanced our understanding of the mechanisms generating novel disease 
resistance specificities in soybean. In addition, we developed gene-specific primers for use 
in RT-PCR analyses of R-gene expression and identified differential expression patterns 
among the RGAs. 
The final chapter includes a conclusion statement and future research goals. We have 
constructed BAC contigs corresponding to the Williams 82 linkage group J contig from our 
original mapping parents L76-1988 (Rps2, Rmd-c, RJ2) and L82-2024 (rps2, rtnd. rj2). By 
sequencing core BACs within each of these contigs. we hope to determine how sequence 
changes affect pathogen specificity and the expression of R-genes. 
Literature Review 
The gene-for-gene model of plant disease resistance 
The genetic basis of disease resistance was first developed by Flor ( 1945). According 
to Flor. the resistant phenotypc results when a plant is able to recognize the invading 
pathogen. This implies several things. First, recognition of the pathogen by the plant is due 
to a functional allele. Second, disease results when the plant is unable to recognize the 
pathogen. Therefore, the ability of a plant to resist a pathogen is dependent on the genotype 
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of both the plant and the pathogen. In a resistance response, the product of a single gene in 
the plant recognizes the product of a single avirulence (avr) gene in the pathogen. Disease 
occurs when the avr gene in the pathogen is either lost or mutated and is no longer 
recognizable by the corresponding R-gene in the plant. 
Classes of disease resistance genes 
Sequence analyses of cloned R-genes have revealed a surprising conservation of R-
gene structure (Table I). Regardless of the plant or pathogen species. R-genes tend to have 
similar structural domains. Based on these domains, the R-genes have been broken into 
several classes. 
The biggest class of R-genes is the nucleotide binding domain (NBD) and leucine-rich repeat 
(LRR) class of disease resistance genes. Estimates from the Arabidopsis genome sequencing 
project suggest the NBD/LRR family of R-genes may account for more than 1% of the 
Arabidopsis genome (Meyers et al. 1999). The NBD is a domain found in ATP- and GTP-
binding proteins (Saraste et al. 1990). Perhaps binding of an ATP analog is required for 
protein function or signal transduction. The LRR is a ligand-ligand binding domain that is 
thought to be involved in pathogen recognition (Hammond-Kosack and Jones 1997). The 
NBD/LRR family of disease resistance genes can be split into two subfamilies, those 
containing a coil-coil (CC) domain and those containing a Toll/lnterleukin-l cytoplasmic 
receptor (TIR) domain. The TIR domain is thought to be involved in rapid signal 
transduction cascades, as is the CC, but it may also be involved in pathogen perception. 
Recently, a novel disease resistance gene, RPW8. was cloned from Arabidopsis (Xiao et al. 
2001). RPW8 provides broad spectrum resistance and has limited homology to the NBD 
domain. 
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Table 1. Structure of cloned plant disease resistance genes. 
Domains" R-Gene Plant Pathogen Reference 
CC/NBD/LRR RPS2 Arabidopsis Pseudomonas syringae Bent et al. 1994 
RPM1 Arabidopsis Pseudomonas syringae Grant et al. 1995 
HRT Arabidopsis Turnip Crinkle Virus Cooley et al. 1998 
RPP8 Arabidopsis Peronospora parasitica McDowell et al. 1998 
RPPI3 Arabidopsis Peronospora parasitica Bittner-Eddy et al. 2000 
Gpa2 Potato potato cyst nematode van der Vossen et al. 2000 
Rxl Potato Potato Virus X van der Vossen et al. 2000 
Prf Tomato Pseudomonas syringae Salmeron et al. 1996 
12 Tomato Fusarium oxysporium Ori et al. 1997 
Mi Tomato Root knot nematode 
Potato aphid 
Vos et al. 1998 
Sw-5 Tomato Tospovirus Brommonschenkel et al. 2000 
Mia I Barley Blumeria graminis Zhou et al. 2001 
Mla6 Barley Erysiphe graminis Halterman et al. 2001 
TIR/NBD/LRR RPP5 Arabidopsis Peronospora parasitica Parker et al. 1997 
RPP1 Arabidopsis Peronospora parasitica Botella et al. 1998 
RPS4 Arabidopsis Pseudomonas syringae Gassmann et al. 1999 
L6 Flax Melamspora Uni Lawrence et al. 1995 
M Flax Melamspora Uni Anderson et al. 1997 
PI Flax Melamspora lini Dodds et al. 2001 
P2 Flax Melamspora lini Dodds et al. 2001 
N Tobacco Tobacco Mosaic Virus Whitham et al. 1994. 
NBD/LRR Pi-ta Rice Magnaporthe grisea Bryan et al. 2000 
Xal Rice Xanthomonas oryzae Yoshimura et al. 1998 
Pib Rice Magnaporthe grisea Wang et al. 1999 
LRR/TM Cf-9 Tomato Cladasporium fulvum Jones et al. 1994 
Cf-2 Tomato Cladasporium fulvum Dixon et al. 1996 
CM Tomato Cladasporium fid\>uni Thomas et al. 1997 
Cf-5 Tomato Cladasporium fithnm Dixon et al. 1998 
Hsl Sugarbeet beet cyst nematode Cai et al. 1997 
LRRVTM/PK Xa2l Rice Xanthamonase oryzae Song et al. 1995 
PK. Pto Tomato Pseudomonas syringae Martin et al. 1993 
NBD RPWS Arabidopsis Erysiphe cichoracearum Xiao et al. 2001 
Erysiphe cruciferarum 
Erysiphe orontii 
Oidium lycopersici 
a. NBD=Nucleotide binding domain, LRR=Leucine-rich repeat, CC=Coiled-Coil domain, TM=Membrane 
spanning domain, PK=Serine/Threonine protein kinase, "nR=TolI/Interleukin-1 receptor homology 
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A second class of disease resistance genes includes those genes containing an LRR 
and a membrane spanning domain (TM). Unlike the NBD/LRR class of R-genes, which are 
thought to be intracellular^ located, these genes have an extracellular LRR, suggesting 
pathogen recognition occurs outside of the cell. An LRR/TM variant is the Xa21 gene family 
from rice. These genes contain an extracellular LRR, a TM and an intracellular protein 
kinase domain. This domain is involved in signal transduction inside of the cell. The Pio 
gene from tomato is unique because it only encodes a protein kinase domain. For a complete 
review of R-gene domains, see Hammond-Kosack and Jones (1997). 
While most disease resistance domains arc shared between diverse plant taxa, there is 
one important distinction. No homologs of the TIR domain have yet been identified in the 
grasses (Meyers et al. 1999). In Arabidopsis, 93 of the 120 NBD/LRR genes contain a TIR. 
making the TIR/NBD/LRR genes the largest class of disease resistance genes. In contrast, 
BLASTX searches of the GenBank nonredundant database, the Arabidopsis and rice genome 
sequencing projects and EST sequences from wheat, maize and rice have revealed no 
sequences with homology to the TIR. 
Clustering of disease resistance genes 
The first evidence for clustering of R-genes was found in 1947 by Flor. Using genetic 
data. Flor was able to demonstrate the clustering of flax rust resistance genes within a single 
locus. In 1993. Hulbcrt et al. demonstrated clustering of R-genes within the Rpl locus of 
maize. Since the cloning of Pto in 1992 (Bent et al.), molecular data have been used to 
demonstrate the clustering of R-genes in a variety of plant species. Twenty-two R-gene 
homologs cluster within 3.5 Mb in the Dm3 locus of lettuce (Meyers et al. 1998). The seven 
members of the Xa21 gene family in rice and the 12 family of tomato span 230 and 90 kb. 
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respectively (Song et al. 1997; Simons et al. 1998). The Arabidopsis RPW8 locus is 
comprised of five homologs within I3kb (Xiao et al. 2001). 
The organization of R-genes within a cluster can be quite complex. Clusters of 
similar homologs may contain a mixture of functional and nonfunctional genes. In the RPP5 
locus of Arabidopsis, sequencing of the Landsberg erecia haplotypc identified nine paralogs 
(Noël et al. 1999). Only RPP5 contained a complete open reading frame. The other eight 
paralogs contained premature stop codons or retroelement insertions. In the Xa2I locus of 
rice, only two of the seven paralogs contained complete open reading frames. The other 
paralogs have small deletions, base differences or retroelement insertions. In each of these 
cases, frameshifts altered the coding sequence of the resistance gene, resulting in a truncated 
protein. 
Adding to the complexity of an R-gene cluster is the high similarity often shared 
between genes. For example, in the Xa21 R-gene family, the seven homologs share greater 
than 90% nucleotide identity (Song et al. 1997). Within the L locus of flax, eight of the 
eleven alleles share greater than 90% identity (Ellis et al. 1999). Sequencing of two 
haplotypes of the RPP5 locus in Arabidopsis has revealed a range of nucleotide identities 
from 74-99% (Noël et al. 1999). 
Within a cluster, there maybe multiple specificities for a single pathogen. For 
example, three TIR/NBD/LRR genes in the Arabidopsis RPPI locus recognize distinct 
Peronospora parasitica isolates (Botella et al. 1998). Clusters may also contain R-genes for 
biologically diverse pathogens. The potato Gpa2/Rxl cluster includes resistance to potato 
aphid (Gpa2) and potato virus X (Rxl : van der Vossen et al. 2000). The Arabidopsis 
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IIRT/RPP8 cluster confers resistance to both a viral pathogen and an oomycete pathogen 
(Cooley et al. 2000). 
While most clusters arc composed of R-genes with similar structures, there are a few 
exceptions. For example, the barley Mia locus is comprised of three distinct sub-classes of 
coilcd-coil, NBD/LRR genes that share 47% DNA similarity to each other (Wei et al. 1999). 
Another example is the Pto cluster in tomato which provides resistance to Psuedomonas 
syringae. Pto is a protein kinase and resides on the same cluster as Fen, a second protein 
kinase, and Prj\ a CC/NBD/LRR R-gene (Salmeron el al. 1996). Resistance to P. syringae 
requires both Pto and Prf 
In contrast to the clustering of R-genes, there arc now examples of single genes 
conferring resistance to multiple pathogens. The Arabidopsis gene RPM1 confers resistance 
to two unrelated strains oi Psuedomonas syringae (Grant et al. 1995). The Mi gene in tomato 
confers resistance to both the potato aphid and the root-knot nematode (Vos et al. 1998). The 
Sw-5 gene of tomato confers resistance to multiple isolates and species of tospovirus 
(Brommonschenkel et al. 2000). The Arabidopsis gene RPW8 confers resistance to fifteen 
isolates of Erysiphe cichoracearum and one isolate each of E. cruciferanon, E. orontii and 
Oidium lycopersici (Xiao et al. 2001). 
Pathogen specificity 
As R-genes and their homologs have been cloned, focus has turned to the evolution of 
pathogen specificity. By determining the ratio of nonsynonymous amino acid substitutions 
to synonymous amino acid substitutions (Ka/Ks), one can estimate the selective forces acting 
on a gene. A KyKs ratio equal to one suggests a model in which a gene is under neutral 
selective pressure. A Ka/Ks ratio greater than one, meaning non-synonymous amino acid 
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substitutions occur more frequently then synonymous substitutions, reflects diversifying 
selection. A ratio less than one suggests the gene is under purifying selection (Parniske et al. 
1997). 
Analyses from the RPP1 (Botella et al. 1998), RPP5 (Noël et al. 1999) and RPP8 
(McDowell et al. 1998) loci in Arabidopsis, the Dm3 locus in lettuce (Meyers et al. 1998) 
and the Cf-4 (Parniske et al. 1997), Cf-5 (Dixon et al. 1998) and Cf-9 (Parniske and Joncs 
1999) loci in tomato have demonstrated that only the solvent exposed residues of the (3-
strand/p-turn motif of the LRR undergo divergent selection (i.e. K.a/Ks >1 ). The p-strand/p-
tum motif is thought to be the contact point for ligand binding. Changes within this motif 
would then alter specificity for the ligand. These data suggest the LRR is the region of the 
gene evolving to determine pathogen specificity. 
While amino acids in the p-strand/p-turn motif appear to be hypcrvariablc, very few 
amino acid changes can result in novel disease resistance specificities. At the P locus of fia.x. 
six amino acid differences exist within the p-strand/p-turn motif of the LRRs of P and P2 
(Dodds et al. 2001). These differences have altered the rust specificities of the genes. In 
rice, a single amino acid difference in the LRR of Pi-ta results in a susceptible allele (Bryan 
et al. 2000). Variation in LRR copy number has also resulted in changes in specificity in the 
L and M loci of flax (Ellis et al. 1999; Anderson et al. 1997), the RPP5 locus of Arabidopsis 
(Noël et al. 1999) and the Cf-4, Cf-5 and Cf-9 loci of tomato (Thomas et al. 1997; Dixon et 
al. 1998). While the LRR is thought to be the main contributor to specificity, there is data 
also implicating the TIR. Ellis et al. (1999) sequenced thirteen alleles of the L locus in flax 
demonstrating that two alleles with different specificities differ only in the TIR. 
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Recently, the development of resistance gene chimeras has proven useful in 
identifying sequences responsible for pathogen specificity and signal transduction. Luck et 
al. (2000) swapped TIR domains and a portion of the NBD between alleles of the L locus 
while maintaining the original LRR. These changes resulted in novel disease resistance 
specificities. Dinesh-Kumar et al. (2000) examined the importance of the TIR, NBD and 
LRR domains by introducing point mutations leading to a single amino acid change in the 
TMV resistance gene N. Single amino acid differences within conserved domains of the 
TIR, NBD and LRR resulted in susceptibility. Wulffet al. (2001) used domain swapping and 
gene shuffling to identify regions in the tomato genes Cf-4 and Cf-9 required for induction of 
the hypersensitive response. 
R-gene evolution 
Many models have been introduced to explain how R-genes are able to achieve novel 
disease resistance specificities for an ever increasing spectrum of pathogens. Since no single 
model can completely explain the diversity that exists, it is more practical to examine 
methods of generating diversity. 
Perhaps one of the biggest contributors to R-gene evolution is unequal intragenic 
recombination. Given the repetitive nature of LRR subunits in most genes, this has become a 
hot spot for illegitimate recombination. Changes in LRR copy number are associated with 
altered specificity in the L and M loci in flax (Anderson et al. 1997; Ellis et al. 1999; Luck et 
al. 2000), the Cf-5 locus in tomato (Dixon et al. 1998) and the RPP5 locus in Arabidopsis 
(Noël et al. 1999). Intergenic recombination is also thought to have led to swapping of 
promoter sequences in the Xa21 disease resistance family (Song et al. 1997). 
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Sequencing of the RPP5 (Noël et al. 1999), RPP8 (McDowell et al. 1998) and Cf-9 
(Parniske and Jones 1999) loci has also demonstrated the importance of equal intragenic 
recombination. In each of these cases, informative polymorphic sites were used to 
demonstrate shuffling of domains between R-genes in a cluster. 
Unequal intergenic recombination has proven important in expansion and contraction 
of the number of individual genes in resistance gene clusters. Sequencing of two haplotypes 
of the Arabidopsis RPP5 locus has demonstrated that the Lansberg erecta haplotype contains 
two more genes than the Columbia haplotype (Noël et al. 1999). Sequencing of the RPP8 
locus in these two haplotypes has revealed that the Lansberg erecta haplotype contains two 
genes while the Columbia haplotype contains a single gene (McDowell et al. 1998). 
Unequal recombination between closely linked clusters of disease resistance genes 
may also be important. The Cf-4 and Cf-9 loci in tomato arc unusual because there is little 
evidence of unequal intragenic recombination within the LRRs. The p-strand/p-turn motif, 
however, displays the amino acid hypervariability associated with other disease resistance 
gene clusters. Parniske and Jones (1999) identified three distinct clusters of Cf-9 homologs 
within the Cf-9 locus. One of the clusters contains a Cf-9 homo log believed to be derived 
from one of the other clusters by interlocus recombination. The alternating orientation of the 
three clusters is thought to have provided a mechanism by which this could occur. 
Expression of R-genes 
One area of disease resistance research relatively unexplored is the expression of 
disease resistance genes. Examining R-gene expression is difficult due to low levels of 
expression and high nucleotide identity often shared between genes. Using the BLASTX 
algorithm, Meyers et al. (1999) identified 95 unique NBD sequences out of 750,000 ESTs 
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from wheat, maize, rice and soybean. Analysis of 183,000 ESTs from the soybean EST 
database found only 41 sequences with homology to the TIR. This means only two in ten 
thousand soybean ESTs correspond to TIR containing R-genes. 
The expression of only a few cloned R-genes has been examined in detail. Northern 
blot analysis demonstrated the induction of the Pib rice blast resistance gene by different 
light and temperature conditions (Wang et al. 1999). Rcvcrse-transcriptase polymerase chain 
reaction (RT-PCR) was used to demonstrate the induction of the bacterial blight resistance 
gene Xa I upon pathogen inoculation (Yoshimura et al. 1998). Using the 1-2 promoter fused 
to the ^-glucuronidase reporter gene. Mes et al. (2000) were able to detect expression of the 
reporter gene in fruits, leaves, stems and roots. 
Methods for cloning disease resistance genes 
I I M L  resistance to Cochliobolus carbonum in maize, was the first resistance gene to 
be cloned from plants (Johal and Briggs 1992). While IIMl docs not follow Flor's model of 
gene-for-gene resistance, it was an important step in the cloning of disease resistance genes 
because it introduced the use of transposon tagging as a method for isolating disease 
resistance genes. Since the cloning of IIML transposon tagging has been used for isolation 
of disease resistance genes from several species including flax (Lawrence et al. 1995), 
tomato (Jones et al. 1994; Takken et al. 1998) and tobacco (Whitham et al. 1994). Isolation 
of the genes was due to the use of maize transposons in heterologous species. 
The tobacco N gene for resistance to tobacco mosaic virus (TMV) was isolated by 
using the maize Activator (Ac) transposon. A positive selection screen was used to identity 
TMV resistant plants unable to defend against TMV, presumably due to the insertion of Ac 
into or near the N gene. Candidate DNA sequences flanking the insertion site were used to 
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identify cDNAs and genomic DNAs from TMV resistant plants. Complementation of TMV 
susceptible plants with these sequences was used to identify the N gene. 
Transposon tagging has also been used in the isolation of the L6 gene for flax rust 
resistance. In this case, Lawrence et al. (1995) identified the L6 gene by demonstrating loss 
of resistance was due to the insertion of Ac within, or in proximity to, the L6 gene. 
Descendents of the L6-Ac tagged plants reverted to resistance following Ac excision. In 
addition, an Ac associated recombination event lead to the development of a novel resistance 
specificity. 
A second technique used in the identification of R-genes is positional cloning. This 
technique has been used to successfully isolate disease resistance genes from Arabidopsis 
(Bent et al. 1992; Grant et al. 1995; Parker et al. 1997), rice (Song et al. 1995). tomato 
(Dixon et al. 1996; Simons et al. 1998) and sugar beet (Cai et al. 1997). Examples of 
positional cloning include the isolation of the Arabidopsis downy mildew resistance gene 
RPP5 (Parker et al. 1997) and the Psuedomonas syringae resistance genes RPS2 (Bent et al) 
and RPM1 (Grant et al. 1995). Restriction fragment length polymorphism (RFLP) and 
randomly amplified polymorphic DNA (RAPD) markers were used to map the genes in 
recombinant inbred lines. Yeast artificial chromosomes (YACs) or BACs were developed for 
the resistance loci and were used in complementation studies of susceptible plants. 
A third approach to cloning disease resistance genes is classical genetics, best 
demonstrated in the identification of Rpl from maize. The Rpl gene for rust resistance in 
maize was identified using classical genetic techniques. Crosses between lines homozygous 
for Rpl but heterozygous for flanking RFLP markers with lines homozygous for rpl were 
tested for susceptibility to rust. Susceptible plants were then screened for recombination 
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between flanking markers (Hulbert 1997). Similar experiments using RP1 heterzygotes were 
used to demonstrate recombination between flanking markers could be associated with the 
development of novel disease resistance specificities (Richter et al. 1995). Of critical 
importance in these studies was the ability to construct large test cross families and the high 
degree of genetic diversity in maize. 
The final approach to cloning resistance genes takes advantage of the structural 
similarities shared by many of the previously cloned R-genes. These structurally related 
genes come from a variety of plant species and confer resistance to bacteria, fungi, viruses, 
insects and nematodes. By comparing the amino acid sequences of these previously cloned 
genes, it was possible to identify conserved regions from which degenerate oligonucleotide 
primers could be designed. Using these degenerate primers it is possible to amplify 
resistance gene analogs (RGAs) from other plant species. This technique has aided in the 
identification of disease resistance loci in soybean (Kanazin et al. 1996: Yu et al. 1996), 
potato (Leister et al. 1996), Icttuce (Shen et al. 1998), maize (Collins et al. 1998), common 
bean (Rivkin et al. 1999), Arabidopsis (Aarts et al. 1998; Speulman et al. 1998), rice and 
barley (Leister et al. 1998). Mapping of resistance gene analogs (RGAs) in Arabidopsis 
corresponded to more than 21 different disease resistance loci (Speulman ct al. 1998; Aarts ct 
al. 1998). In lettuce, four different families of RGAs were identified, two of which were 
associated with disease resistance loci (Shen et al. 1998). 
While the techniques mentioned above have been useful in identifying R-genes from 
a variety of species, they arc not amenable to all plant species. In soybean for example, no 
transposons have been isolated and developed for use in a transposon-tagging scheme. A 
second limitation is the difficulty associated with transformation found in some plant species. 
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The current trend is to confirm candidate R-genes by transformation of susceptible plants. 
Due to these limitations, new methods have been developed to isolate disease resistance loci. 
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CHAPTER 2. EXPRESSION AND GENOME ORGANIZATION OF RESISTANCE 
GENE ANALOGS IN SOYBEAN 
A paper published in Genome1 
Michelle A. Graham2, Laura Fredrick Marek\ David Lohnes4, 
Perry Cregan5 and Randy C. Shoemaker3-6 
Abstract 
Sequence analysis of cloncd plant disease resistance genes reveals a number of 
conserved domains. Researchers have used these domains to amplify analogous sequences. 
Resistance Gene Analogs (RGAs). from soybean and other crops. Many of these RGAs map 
in close proximity to known resistance genes. While this technique is useful in identifying 
potential disease resistance loci, identifying the functional resistance gene from a cluster of 
homologs requires sequence information outside of these conserved domains. To study RGA 
expression and to determine the extent of their similarity to other plant resistance genes, two 
soybean cDNA libraries (root and epicotyl) were screened by hybridization with RGA class-
specific probes. cDNAs hybridizing to RGA probes were detected in each library. Two 
types of cDNAs were identified. One type was full-length and contained several R-gcnc 
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signatures. The other type contained several deletions within these signatures. Sequence 
analyses of the cDNA clones placed them in the Toll/Interleukin-1 receptor/ nucleotide 
binding domain/ leucine rich repeat family of disease resistance genes. Using clone-specific 
primers from within the 3' end of the LRRs, we were able to map two cDNA clones (LM6 
and MG13) to a BAC contig that is known to span a cluster of disease resistance genes. 
Introduction 
Plants rely upon a vast array of cellular and molecular defenses to fight off pathogen 
attack. Many defense responses are initiated by resistance genes, providing a mechanism by 
which the plant can recognize a pathogen and execute a defense against it. Common 
defenses include cell wall fortification, phytoalcxin production, induction of pathogenesis-
rclated proteins and, perhaps most importantly, the hypersensitive response. The 
hypersensitive response is characterized by cell death surrounding the site of pathogen 
invasion, which contains the spread of the pathogen (Hammond-Kosack and Jones 1996). 
Although in nature plants arc constantly bombarded by pathogens, the onset of disease 
symptoms is rare. Therefore plant resistance genes must be highly efficient in fighting off 
pathogen attack. By understanding how resistance genes are involved in the recognition and 
response to pathogen attack, we can make the first step toward engineering resistance to an 
increasing array of pathogens. 
In recent years many different disease resistance genes (R-gencs) have been cloned 
from plants. These genes confer resistance to fungal, viral, bacterial, insect and nematode 
pathogens and come from a diverse array of species that includes monocots and dicots. The 
genes contain conserved domains which can account for many of the predicted functions of 
disease resistance genes. Many R-genes contain a leucine rich repeat region (LRR), a strong 
27 
candidate for pathogen recognition specificity. Some of the LRR R-genes contain domains 
possibly involved in signal transduction such as nucleotide binding domains (NBD), leucine 
zippers, or Toll/Interleukin-1 cytoplasmic receptor (TIR) domains. Still others contain 
protein kinase domains and conserved domains of unknown function. For a detailed review 
see Hammond-Kosack and Jones (1997). 
Using degenerate primers designed from conserved domains from cloned disease 
resistance genes it has been possible to amplify analogous sequences from other plant species 
(Kanazin et al. 1996; Leister et al. 1996; Yu et al. 1996). Leister et al. (1996) used PGR and 
oligonucleotide primers designed from conserved domains of N (tobacco) and RPS2 
(Arahidopsis) to amplify products with NBD homology to known resistance genes. Genetic 
mapping of these products demonstrated tight linkage with nematode resistance in potato. 
In soybean (Glycine max L. Merr.), degenerate primers were designed from the conserved 
nucleotide binding domains of RPS2 (Arahidopsis), L6 (flax) and N (tobacco) (Kanazin et al. 
1996; Yu et al. 1996). The resulting amplification products were shown to be members of a 
multigene family, some of which mapped in close proximity with known resistance genes. 
Sequence analysis of the resistance gene analogs (RGAs) showed highest homology with the 
nucleotide binding domains of previously cloned resistance genes (Kanazin et al. 1996). 
However, nucleotide binding domains arc not unique to R-genes and identification of other 
motifs would provide more compelling evidence of the relationship between RGAs and plant 
R-genes. 
Since the initial isolation of the RGAs, several other groups have shown that 
identification of disease resistance loci is facilitated by the use of PGR to amplify conserved 
disease resistance motifs. In Arahidopsis. the map positions of resistance gene analogs 
correspond to twenty-one different disease resistance loci, including those for RPS2 and 
RPP5 (Speulman et al. 1998). Aarts et al. (1998) also demonstrated that most cloned 
resistance gene analogs were genetically linked with disease resistance loci in Arahidopsis. 
In lettucc, four families of resistance gene analogs were identified, two of which mapped to 
known disease resistance clusters (Shen et al. 1998). While this technique is useful for 
identifying disease resistance loci, identification of a functional resistance gene within a 
cluster of paralogs is much more difficult. Examination of the disease resistance families 
I2C in tomato (Ori el al. 1997), Drn3 in lettucc (Meyers et al. 1998), and .Ya2/ in rice (Song 
ct al. 1997) has shown that often some members of a resistance gene cluster arc 
nonfunctional. Identification of RGA sequences from expressed gene messages (mRNA) 
would be compelling evidence for function of these sequences. 
The objectives of this research were to: 1) identify expressed gene sequences in 
cpicotyl and root cDNA libraries corresponding to functional resistance gene analogs; 2) 
elucidate the full genetic structure of resistance gene analogs and identify additional R-gcne 
conserved motifs based on cDNA sequences, and 3) correlate RGA-cxprcsscd sequences 
with known disease resistance genes by genetic mapping and physical association. Two 
different cDNA libraries were screened with RGA class-specific probes, and expressed 
sequences were detected in both libraries. The isolated cDNAs were sequenced and shown 
to belong to the Toll/Interleukin-1 receptor, nucleotide binding domain and leucine rich 
repeat family of disease resistance genes. Two cDNAs were mapped to a BAG contig 
encompassing two disease resistance genes, Rps2 and Rmd, and a gene affecting plant 
interaction with a nitrogen-fixing bacterium, RJ2. 
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Materials and Methods 
cDNA library screening 
To examine RGA expression we screened epicotyl and root Uni-Zap™ XR cDNA 
libraries (Stratagene, La Jolla, CA) with 11 class-specific RGA probes (Kanazin et al. 1996). 
The epicotyl library was commercially available and was prepared from twelve-day-old 
soybean epicotyls ('Williams 82') grown in a greenhouse under natural light conditions. The 
root library was custom made from RNA collected from soybean primary roots ( Corsoy 79') 
infected with Heterodera glycines. Roots were harvested 24, 48 and 72 hours after infection. 
An aliquot of this library was a gift from Dr. Thomas Baum, Iowa State University. 
The cDNA libraries were screened by hybridization following protocols described in 
the Uni-Zap™ XR Library instruction manual using RGA class-specific probes. To screen 
the epicotyl library, approximately 800,000 colonics were plated and probed with each RGA 
class-specific probe. The root library was screened using multiplexed probes after 
appropriate controls ruled out any cross-reactions between probes. Positive colonics were 
rcplatcd and screened a second and third time as necessary. If no positive colonics were 
identified for an individual RGA class during the initial library screening, an additional 
800,000 colonies were screened using single class-specific probes. 
cDNA sequencing and motif identification 
Restriction digests were used initially to differentiate the isolated cDNA clones 
(Sambrook et al., 1989) and twelve unique clones (Genbank accession nos. AF175388-
AFl75401) were sequenced by the Iowa State DNA Synthesis and Sequencing Facility using 
standard conditions. Automated dideoxy sequencing was carried out on both strands using 
an ABI 377 Automated Sequencer. Reactions were set up using the Applied Biosystems 
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(Foster City, CA) Prism BigDye terminator cycle sequencing kit with AmpliTaq DNA 
polymerase, FS and electrophoresed on an Applied Biosystems Prism 377 DNA sequencer. 
The cDNA sequences were analyzed and conserved motifs were identified using the 
BLAST algorithm (Altschul et al. 1997). cDNA sequences were aligned and compared using 
Lasergenc computer software (DNAStar, Inc., Madison, WI). LRR conserved motifs were 
identified using the BLOCKS database (Henikoff and Henikoff 1994). 
BAC contig development and BAC sequencing 
We extended the BAC contig previously reported to be on soybean linkage group J 
(Marck and Shoemaker, 1997) by screening the USDA/ISU 'Williams 82' BAC library with 
PCR primers designed from BAC-end sequences. BAC DNA isolation and PCR-based BAC 
library screening were done as described in Marck and Shoemaker ( 1997). BACs identified 
in each screen were incorporated into the contig based on insert size and results from 
subsequent screening steps. Positions of BACs within the contig were confirmed by PCR 
analysis. BAC subclones were generated from BAC insert DNA digested with San3A and 
ligatcd into the BamHl site of HK-phosphatase (Epicentre Technologies, Madison. WI) 
treated pGEM3 Z+ (Promega, Madison, WI). DNA was sequenced by the Iowa State DNA 
Synthesis and Sequencing Facility. BAC-end sequence was obtained by direct sequencing of 
BAC clones using the ABI Prism BigDye terminator cycle sequencing kit and the following 
non-standard conditions. The reactions contained 1-5 ug BAC DNA, 16 uL prcmix. 4 uL 
primer (M 13-Universal F or R primer), and 4 uL DMSO. Cycling conditions were: 95° for 8 
min followed by 45 cycles of 96° for 30 sec. 50° for 10 sec, and 60° for 4 min. The entire 
reaction was loaded onto the sequencing gel. 
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Nomenclature of BACs, BAC subclones and sequences 
The nomenclature used in this paper for BACs. BAC subclones and sequences was 
developed to facilitate incorporation and use of this information in an easily accessible and 
searchable database being developed by Dr. Ernest Retzel, University of Minnesota. The 
name begins with one uppercase and one lower case letter identifying the genus and species 
of the library source material (Gm = Glycine max), followed by an underscore and two 
capital letters identifying the originator of the library (IS = Iowa State), a lower case letter 
identifying the type of library (b = BAC), and a three place number identifying the specific 
library (001 = library number 1). This information is followed by the specific library address 
for the BAC: a three place number identifying the library plate number, an underscore and a 
uppercase letter and two place number identifying the plate column and row. In the case of 
BAC subclones, the BAG plate address is followed by the specific information identifying 
the subclone address. The underscores arc used to facilitate data manipulation by computer. 
Contig marker development and mapping 
To accurately position the BAC contig on the soybean genetic map, markers were 
developed using primers designed from BAG subclone sequences and BAC-end sequences. 
These primers were used to amplify corresponding sequences from L76-1988 and L82-2024, 
two parents of a mapping population segregating for the three genes, Rpsl, Rmd and RJ2 
(Polzin ct al. 1994). Amplification products were digested with restriction cndonuclcascs 
and polymorphisms were mapped in the segregating population consisting of 199 individuals. 
Polymorphisms were detected by digestion of amplification products from BAC 91F11L 
(Gm ISbOO 1 091 _FI l.U: Genbank accession no. 081292) and BAG subclone 91 FI IBM9U 
(Gm_ISb001 _091 F11002M9.U). 
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When digestion did not yield a polymorphism, the amplification products were 
sequenced. From these sequences, allcle-specific primers were designed that were used to 
map single-nucleotide differences in the segregating population. Allelc-specific primers 
were developed from BAC-ends 89L6R2 (Gm_ISb001_089_L06.R), 68J10R 
(GmISbOO 1 _068_J 10.R) and 25B1U (Gm_ISb001_025_B01.U). 
AFLP markers were generated from EcoRl/Taql digests using Biotin selection as 
described by Zabcau and Vos (1992). Primers were synthesized using the adaptor sequences 
described by Zabeau and Vos (1992) with three additional randomly selected bases. Markers 
that were polymorphic between L76-1988 and L82-2024 also were mapped in the 
segregating population. The microsattclitc marker Satt_144 was developed by Dr. Perry 
Crcgan (Crcgan ct al. 1999) from a group of BACs which included 10C2 
(Gm ISbOO 1 _010_C02). 91F11 (Gm JSbOO 1 _091 _F 11 ) and 68J10 (Gm ISbOO 1 _068_J 10) 
from this contig. In a BAC library screen, the Sat_144 primer pair only amplified product 
from BAC 10C2. 
Segregation of markers was analyzed by MAPMAKER (Lander et al. 1987). using 
the default Haldanc mapping function. Linkage of all loci was confirmed using the "Group" 
command. Loci were positioned using the "Compare" and "Try" commands. A minimum 
LOD value of 3.0 was required to accept a position within the linkage group. 
Placement of cDNA clones onto specific BACs 
To correlate cDNA clones with specific BACs, primers were designed from the 3' 
ends of the clones within the LRR and used to screen the USDA/ISU 'Williams 82' BAG 
library under high stringency PCR conditions. Primers were designed using Oligo 6.0 
(Wojciech Rychlik, 1998). PCR cycling conditions were 94° for 2 min followed by 19 
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cycles of 94° for 45 sec, 68° minus 0.5° per cycle for 30 sec, and 72° for 45 sec. This was 
followed by an additional 21 cycles at 94° for 45 sec, 58° for 45 sec, and 72° for 45 sec. As 
further confirmation that a defined BAC region was the source of specific cDNAs, positive 
BACs were used as template for PCR using the 3' LRR primers used to identify the BAC. 
The amplification product was purified from a 1% low melt gel and cloned using the pGEM 
T Easy Vector System I (Promega, Madison, WI). Plasmid DNA was then isolated 
according to Sambrook et al. (1989) and both strands were sequenced at the Iowa State DNA 
Synthesis and Sequencing Facility. PCR-derivcd genomic clone sequences and cDNA clone 
sequences were compared to confirm the localization of the cDNA clones. 
Genomic sequencing 
To determine the genie structure corresponding to the full-length cDNA clone LM6. 
seven sets of primers were designed from the clone in overlapping 500 base pair intervals. 
These primers were used to amplify corresponding sequences from BAC 34P7 
(Gm ISbOO 1 034 P07), the largest BAC identified by the 3' primers used to map cDNA 
clone LM6. The amplification products were cloned and sequenced as described above. 
Sequences were assembled using AutoAsscmbler (Applied Biosystems, Foster City. CA) and 
Lasergene (DNAstar, Inc., Madison, WI) software. 
Results 
cDNA Library Screen and RGA Expression 
To examine expression of the RGAs, we used RGA class-specific probes (Kanazin ct 
al. 1996) to screen a soybean epicotyl cDNA library and a soybean root cDNA library. 
Assuming that 40-65% of the genes in the 1.1 Mbp soybean genome (Arumuganathan and 
Earle 1991) are low copy genes, and assuming that low copy genes comprise approximately 
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20-25% of the total mRNA population, screening 1.6 million clones would result in the 
detection of an expressed gene product 97% of the time if the product were present in the 
library (Klickstein 1994). 
Class-specific probes for RGA classes 1, 3, 6, and 7 identified a total of 16 cDNAs 
from these two libraries. Restriction digestion and sequencing showed 12 of these cDNAs to 
be unique. Of these, nine clones were from the epicotyl cDNA library and two were from the 
root library (Table 1). The cDNA clones ranged in length from 1.5 kb to 3 kb. 
Sequence analysis of the cDNA clones revealed several conserved domains found in 
plant disease resistance genes (Figure 1). From the 5' end of some of the clones, the first 100 
amino acids of the derived amino acid sequence show 43-55% identity to the 
Toil/Interlcukin-1 receptor domain of N (Whitham ct al. 1994) and L6 (Lawrence ct al. 
1995). Comparison of the cDNA clones with each other revealed a high degree of amino 
acid conservation within this region, with amino acid identities ranging from 42 -80% 
(Figure 2). A subset of the clones did not have a TIR. The second domain detected was a 
nucleotide binding domain (Figure 1). The NBD in soybean cDNA clones had 30-39% 
identity with the NBDs from N (Whitham et al. 1994) and L6 (Lawrence et al. 1995). 
Among the cDNAs, amino acid identity ranged from 45-82% within this region. Alignment 
in the NBD region identified the conserved p-loop (GxxG(I/V)GKT), the kinase 2a 
(LL(I/V)LD), and kinase 3a (FGPGSR) motifs (Figure 3). 
Derived amino acid sequence at the 3' end of the cDNA clones forms a LRR region 
(Figure 1) with 25-30% identity to the LRR regions of N and L6 (Lawrence et al. 1995: 
Whitham et al. 1994). Because of high sequence divergence within this region it was 
difficult to align LRR regions among the cDNAs. The structures of the LRRs found in a 
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single cDNA, LM6, are depicted in Figure 4. LM6 contains nine LRRs that vary in length 
from 22 to 26 amino acids and contain the conserved core sequence LxxLxxLxxxxCxxL. 
The second and third LRRs arc divided by approximately nineteen amino acids in addition to 
the third intron. The eighth and ninth LRR are separated by a 85 amino acid sequence also 
showing no LRR homology and leucines account for 13% of the sequence. While this region 
docs not encode LRRs, the percentage of leucines found is higher than the 7-10% leucine 
composition found in the NBD and TIR of cDNA LM6. Several other conserved regions 
were also found (Figure 1); however, the function of these regions is unknown. 
Sequence alignment of the clones revealed several unique features. In each of the 
libraries, two different types of RGA class 1 transcripts were identified. Type I was full-
length and was representative of the overall structure of cDNAs associated with the other 
expressed RGA classes (Figure 1 A). Ten type 1 cDNAs were identified. Two type II cDNAs 
were identified, one in each library. Relative to Type I cDNA LM6, Type II cDNAs had 
deletions 228, 178 and 262 bps. in length, which significantly affected the derived amino 
acid sequence (Figure 1B). The first deletion resulted in the loss of the Kinase 3a domain of 
the NBD and in the loss of one of the conserved domains of unknown function (motif 3: 
Hammond-Kosack and Jones 1997). The second deletion occured immediately before the 
LRR region and the third deletion occured within the LRR region. The second and third 
deletions also resulted in frameshifts that alter the reading frame of the hypothetical protein. 
Additionally, a 32 bp direct repeat resulted in the tandem duplication of one of the conserved 
domains of unknown function (motif 1). 
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BAC Contig Expansion 
We expanded the RGA class 1 BAC contig on Linkage Group J (LG-J) to 
approximately 700 kb (Figure 5). Using PCR-based markers for two BAC ends (91 FI IL and 
25B1U), we mapped opposite ends of this contig in a population segregating for Rj2 
(ineffective nodulation), Rmd (resistance to powdery mildew) and Rps2 (resistance to 
Phytophthora root rot). These markers appear to flank the gene cluster. Additional markers 
developed from BAC ends within the contig (89L6R2 and 68J10R), and from a BAG 
subclone (91F1IBM9U), support the map location of this contig relative to the gene cluster 
(Figure 5). 
Comparison of BAC-end and BAC subclone sequences from across the contig with 
sequences in the National Center for Biotechnology Information nonredundant database 
shows primarily sequence similarity to cloned plant disease resistance genes from the TIR, 
NBD and LRR family or to retrotransposon-like sequences (data not shown). 
cDNA localization 
To determine the map location of the genes corresponding to the cDNAs detected 
from each library, we designed clone-specific primers from the 3' LRR sequence of several 
of the cDNA clones. The primers were used to screen the soybean USDA/ISU 'Williams 82* 
BAG library under high stringency PCR conditions. Primers derived from clone LM6 
(epicotyl library) and clone MG13 (root library) identified only BACs from the RGA class 1 
contig located on linkage group J (Figure 5). Sequence from cDNA clone LM6 showed 
100% identity with 581 bases of BAC 36014 (GmISbOO I _036_014) and BAC 91F11 end 
sequences. Similarly, sequence from cDNA clone MG13 showed 100% identity with 430 
bases of BAC 34P7 and BAC 91F11 end sequences. Therefore, cDNA clones LM6 and 
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MG13 are likely to be on opposite ends of BAC 91F11. These two cDNA clones were 
shown by sequence analysis to share 80% nucleotide identity. 
Genomic structure of RGA coding regions 
Using step-by-step PCR amplification of targeted regions of BAC 34P7, we were able 
to generate a complete genomic sequence of the gene corresponding to cDNA LM6. We 
identified three introns, 146, 178 and 79 bp in length. The first intron corresponded to a 
region between the TIR and the NBD. The second intron preceded the leucine rich repeats . 
This intron corresponds to the second deletion observed in Type II cDNAs. It is likely that 
intron removal led to a framshift and subsequent stop codon in Type II cDNAs. The third 
intron occured within the LRR(Figure 1 A). The third intron from LM6 is also contained 
within the third deleted region from Type II cDNAs but encompasses only 79 of the 262 
deleted bases. 
Discussion 
We previously reported the development of a BAC contig containing resistance gene 
analogs on soybean Linkage Group J (Marek and Shoemaker 1997). This contig has now 
been extended to span approximately 700 kb. Mapping of markers derived from BACs 
within this contig confirmed that the contig encompasses the resistance genes Rpsl 
(Phytophthora root rot resistance) and Rmd (Powdery mildew resistance) as well as Rjl, a 
gene affecting the interaction of soybean with a nitrogen fixing bacteria. This physical 
linkage, in addition to the clustering of RGAs within this region, suggested a relationship 
between RGAs and disease resistance. 
Since the initial identification of RGAs (Kanazin et al. 1996, Leister et al. 1996, Yu et 
al. 1996) several groups have demonstrated that PCR amplification of conserved disease 
38 
resistance motifs can be used to identify disease resistance loci. In Arahidopsis at least 
twenty-one different disease loci are associated with resistance gene analogs (Speulman et al. 
1998; Aarts, et al. 1998). However, the difficulty remains in identifying the functional 
resistance gene. Several groups have shown that within a disease resistance cluster, there arc 
often genes that show high similarity to resistance genes but do not encode a functional 
product (Meyers ct al. 1998: Ori et al. 1998: Song ct al. 1997). Since the primers used to 
identify R-gcne analogs arc made from a highly conserved domain, there arc unlikely to be 
significant changes within this region which can be used to identify a functional gene from 
its nonfunctional paralog. In this case, it becomes necessary to examine other R-gcnc motifs. 
In this study RGA cDNAs were identified by using RGA class-specific probes to 
screen two different cDNA libraries. Sequencing of full length RGA cDNAs and 
corresponding genomic regions identified complete signature domains of plant disease 
resistance genes: NBD, TIR, LRR and conserved domains of unknown function. The NBD 
is required for binding ATP or GTP, which may be required for activation of functional 
proteins (Lawrence et al. 1995; Whitham et al. 1994). The TIR is involved in rapid signal 
transduction in mammals and Drosophilla (Hashimoto et al. 1988: Sims ct al. 1989). The 
LRR is thought to be involved in pathogen recognition (Lawrence ct al. 1995: Whitham et 
al. 1994). The combination of these domains places the expressed soybean RGAs in the L6, 
TMV, RPP5 and M family of disease resistance genes (Class 3b: Hammond-Kosack and 
Jones 1997). 
Although full-length cDNAs (Type I) were identified in both soybean libraries, 
truncated versions of these cDNAs were also identified in both libraries. Truncated 
transcripts have also been identified in L6 (flax; Lawrence et al. 1995), and N (tobacco; 
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Whitham et al. 1994). L6* and Nv are produced by differential splicing of the N and L6 
genes. Truncated transcripts have also been identified in the RPP5 family from Arahidopsis; 
however, these transcripts are not associated with the resistance gene RPP5 (Parker ct al. 
1997). Evidence of truncated transcripts in other disease resistance families suggests that 
these transcripts may play an important role for the plant. 
By screening two different cDNA libraries (root and epicotyl) with RGA class-
specific probes, we have shown that some RGA sequences correspond to expressed genes. 
Also, by associating the cDNAs with soybean BACs we demonstrated that two of the genes 
belong to the same multigene cluster containing the resistance genes Rmd and Rps2 as well 
as the ineffective nodulation gene, Rjl. Knowledge of RGA sequences flanking conserved 
domains may prove useful, through techniques such as RT-PCR, in identifying the functional 
(expressed) R-gcnc from within a cluster of R-gcnc candidates. 
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Table 1. Differential Expression of RGA cDNAs. 
RGA Class Epicotyl Library Root Library 
1 LMl, LM5, LM6, LM17, LM17-2 MG13, MG8 
2 ND1 ND 
3 LM12, MG23 ND 
4 ND ND 
5 ND ND 
6 MG55 ND 
7 MG63 ND 
8 ND ND 
9 ND ND 
10 ND ND 
11 ND ND 
1ND- No cDNAs detected. 
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Figure 1. Predicted protein structure of RGA cDNA clones, a.) Full-length structure 
representative of all expressed RGA cDNA classes. Analysis of BAC genomic clones 
identified introns between the TIR and the NBD (V; 146 bp), prior to the LRR (V; 178 bp) and 
within the LRR (V; 79 bp), b.) Truncated RGA class 1 cDNA found in both the epicotyl and 
root libraries. Positions of three deletions of 228, 178 and 262 bp arc indicated by (A ). A 24 
nucleotide direct repeat results in a repeat of motif 1 of the conserved domains of unknown 
function ( |; HD, 1, 2 and 3 motifs). Frameshifts within the Type II cDNAs were omitted to 
demonstrate homology between Type I and Type II cDNA sequences. (||| ) Toll/Interleukin-
l receptor, TIR, ( ^  ) nucleotide binding domain. NBD, (||[ ) leucine rich repeat, LRR and 
( Q ) variable coding region. 
Figure 2. Alignment of derived amino acid sequences of the TIR domains of soybean RGA 
cDNAs with L6 (flax) and N(tobacco). Conserved amino acids are highlighted with black 
boxes. Dotted regions indicate gaps in the sequences introduced to maximize alignment. 
Figure 3. Alignment of derived amino acid sequences of the NBDs of soybean RGA cDNAs 
with L6 (flax) and N' (tobacco). Conserved amino acids are highlighted with black boxes. 
Dotted regions indicate gaps in the sequences introduced to maximize alignment. The p-loop 
(aa 1-9), kinase 2a (aa 89-93) and kinase 3a (aa 11-116) motifs are underlined. 
Figure 4. Alignment of the derived amino acid sequences of the conserved region 
(LxxLxxLxxxxCxxL ) within the LRRs of cDNA LM6. Conserved amino acids arc highlighted 
with black boxes. The LRRs are named in reference to the start of the hypothetical protein 
encoded by LM6. The LRRs vary in length between 22 and 26 amino acids. Only the fifteen 
amino acids representing the conserved core sequence are shown. 
Figure 5. Resistance Gene Analog Class 1 BAC Contig and Soybean Linkage Group J. 
Individual BACs in the contig are identified by their address in the BAC library, (ffl): BAC-
cnd sequence developed into a PCR-bascd mapping marker and microsattelite marker Sat_144. 
Dashed lines connect the appropriate BAC-end to its marker position on linkage group J. ( 1 ): 
indicates other BACs identified by using the BAC-end markers to screen the BAC library. 
Position of cDNA clone LM6 ( • ) and cDNA clone MG13 ( O) • Rrnci: resistance to 
powdery mildew; Rps2: resistance to Phytophthora sojae; RJ2: ineffective nodulation. A724, 
A233: RFLP markers that anchor Rmd, Rj2 and Rps2 to linkage group J in the USDA1SU G. 
max x G. soja genetic map. E25T24, E33T22. E30T33: AFLP markers. 91F11, 89L6R2. 
25B1U, 68J10R: PCR markers from BAC end sequences. 91 FI 1B9MU: PCR marker from 
BAC 91F11 B9M subclone. Sat_144: microsattelite marker developed from BAC 10C2. 
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CHAPTER 3. GENOMIC SAMPLING OF A DISEASE RESISTANCE GENE 
CLUSTER IN SOYBEAN 
A paper to be submitted to Theoretical and Applied Genetics 
Michelle A. Graham1, Laura Fredrick Marek2 and Randy C. Shoemaker2,3 
Abstract 
Many plant disease resistance genes contain conserved structural domains which are 
required for protein function. Using degenerate primers for these domains it has been 
possible to amplify resistance gene analogs (RGAs) from a variety of plant species. In many 
cases, the RGAs arc clustered within the genome and correlate with disease resistance loci. 
However, identifying the R-gcnc of interest from a cluster of homologs remains difficult. In 
many plant species, such as soybean, a map-based cloning approach remains the most viable 
option for cloning a disease resistance gene. The large number of homologs within a cluster 
make sequencing of disease resistance loci difficult. We have developed a PCR- based 
genomic sampling technique to obtain sequence information from a cluster of RGAs on 
soybean linkage group J. By comparing the sequences of two cDNAs corresponding to the 
linkage group J cluster, we have designed a scries of oligonucleotide primer pairs spanning 
the length of the cDNAs. These primers were used to amplify overlapping R-gene segments 
from a core BAC within the linkage group J cluster. Using this technique we were able to 
1 Interdepartmental Plant Physiology Major, Iowa State University. Ames. IA 50011 
: Department of Agronomy, Iowa State University, Ames, 1A 50011 
3 USDA-ARS, Corn Insect and Crop Genetics Research Unit, Iowa State University. Ames. IA 50011 
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obtain sequence information from individual genes within a cluster. Analysis of these gene 
sequences allows us to examine the evolutionary forces acting on these genes. 
Introduction 
In recent years many disease resistance genes (R-genes) have been cloned from 
plants. These genes confer resistance to fungal, viral, bacterial, insect and nematode 
pathogens. The function of R-genes is to recognize a specific pathogen attack and to initiate 
the correct defense response to that pathogen. Sequence analysis of R-genes has revealed 
several conserved domains necessary for these functions. Common disease resistance 
signatures include Toll/Interleukin-1 receptor domains (TIR), nucleotide binding domains 
(NBD), leucine rich repeats (LRR), coiled-coi domains (CC) and protein kinase domains 
(PK). The NBDs and PKs are involved in phosphorylation events required for signal 
transduction. The LRR is thought to be involved in pathogen recognition. The TIR is 
involved in signal transduction as is the LZ, however, it may also play a role in pathogen 
recognition. For a detailed review of these domains see Hammond-Kosack and Jones 
(1997). 
Many copies of R-genes can be found in the genome and arc often found in clusters. 
Estimates from the Arabidopsis genome-sequencing project suggest that the TIR/NBD/LRR 
family of R-genes may account for more than 1% of the genome (Meyers et al. 1999). The 
tomato Cf-5 locus contains six other R-gene homologs (Dixon et al. 1998). The Dm3 locus 
in lettuce is made up of 22 R-gene homologs within a 3.5 Mb region (Meyers et al. 1998). 
TheXa2I gene family is composed of seven homologs contained within a 230 kb region 
(Song et al. 1997). The seven members of the 12 family in tomato span only approximately 
90kb (Simons et al. 1998). 
In some cases, R-genes conferring resistance to biologically diverse taxa of pathogens 
may be found within the same cluster of genes. For example, the Arabidopsis HRT/RPP8 
cluster confers resistance to a viral pathogen and an oomycete pathogen (Cooley et al. 2000). 
In potato, the Gpa2 locus for potato cyst nematode resistance also contains Rxl, for potato 
virus X resistance (van der Vossen et al. 2000). An interesting variant of this theme is the Mi 
locus in tomato. There, a single gene confers dual resistance to potato aphids or root-knot 
nematodes (Vos et al. 1998). 
During the analysis of candidate R-gene clusters it becomes very important to 
determine the types of structural variations that exist within the cluster. These differences 
reveal much about the evolution and divergence of the candidates. Minor sequence 
differences between homologs have proven to be very important in determining differences 
in pathogen specificity. A single amino acid difference between alleles of the rice blast 
resistance gene Pi-ta results in susceptibility to rice blast (Bryan et al. 2000). Analysis of 
the CJ-2/CJ-5 family using three tomato haplotypes suggests that variation in LRR copy 
number and recombination play a role in generating diversity among R-genes (Dixon et al. 
1998). The predicted solvent-exposed regions of the LRR have been found to be 
hypervariable and correlate with differential pathogen recognition in several studies (Dixon 
et al. 1998; Botella et al. 1998; Anderson et al. 1997; Parniskc et al. 1997; Meyers et al. 
1998; Ellis et al. 1999; Warren et al. 1998). The TIR has recently been implicated in 
determining pathogen specificity. Sequencing of the L locus of flax has revealed that two of 
thirteen alleles differ only in the TIR, yet have different pathogen specificities (Ellis et al. 
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Positional cloning has been used successfully to isolate resistance genes from tomato 
(Dixon et al. 1996 and Simons et al. 1998), sugar beet (Cai et al. 1997), rice (Song et al. 
1995) and Arabidopsis (Bent et al. 1994; Grant et al. 1995; Parker et al. 1997). In most cases 
this requires extensive sequencing of the region surrounding the candidate gene. There are 
several disadvantages associated with shotgun sequencing projects. Primarily, the high 
nucleotide identity shared between members of an R-gene cluster make accurate sequence 
assembly difficult. For example, in the Xa2l R-gene family, the seven homologs share 
greater than 90% nucleotide identity. In addition, fifteen different transposablc element-like 
sequences arc dispersed throughout the cluster. Of the seven homologs, only two contain 
complete open reading frames. The other homologs have small deletions, base differences or 
retroelcmcnt insertions. (Song et al. 1997). Within the L locus of flax, eight of the eleven 
alleles share greater than 90% identity (Ellis et al. 1999). In light of these constraints, we 
have developed a PCR-based approach that takes advantage of the high nucleotide identity 
shared between R-genes in a cluster to evaluate R-gene related sequences in soybean. 
A cluster of resistance gene analogs (RGAs) was previously mapped to soybean 
linkage group J (Kanazin et al. 1996). Resistance to powdery mildew (Rmd-c) and 
Pliytophthora stem and root rot (Rps2), and an ineffective nodulation gene (Rj2) map within 
this cluster. Using RGA-specific primers and BAC fingerprinting, a BAC contig was 
developed for this region in the cultivar 'Williams 82' [rps2, Rmd (adult onset), rj2; Marek 
and Shoemaker, 1997]. Fingerprint analyses of the BACs in this region indicate that more 
than twelve R-gene homologs are present in a 700 kb interval. Two cDNAs (LM6 and 
MG13) containing TIR/NBD/LRR domains mapped onto a single BAC within this cluster 
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(Graham et al. 2000). Other R-gene sequences examined from this cluster also show 
homology to the TIR/NBD/LRR family of disease resistance genes. 
By comparing the sequences of the cDNAs LM6 and MG13, we designed a series of 
oligonucleotide primer pairs from conserved regions that span the length of the cDNAs. We 
used PCR to amplify overlapping R-gene sequences from a core BAC clone in the linkage 
group J cluster. Using this method we were able to quickly and efficiently estimate the 
nucleotide identities between genes in the cluster. We were able to examine amino acid 
substitution rates within this cluster to determine which regions of the R-genes arc under 
divergent selective pressure. In addition, we also found evidence of structural differences 
between genes consistent with a model of unequal recombination events. 
Using this approach we have avoided some of the pitfalls associated with shotgun 
sequencing of R-gene clusters. This approach was fast, efficient, and yielded much detailed 
information on the structure of the genes within this cluster without the necessity of 
sequencing the entire BAC. 
Materials and Methods 
Placement of cDNA clones LM6 and MG13 onto BACs 34P7 
Previously, two cDNA clones (LM6 and MG13) were identified by hybridization 
using conserved disease resistance gene motifs. These cDNAs mapped to a BAC 34P7 
(GmISbOO 1 034 P07), known to span a region of the soybean genome containing known 
resistance genes (Graham et al. 2000). To correlate cDNA clones with specific BACs, 
primers were designed from the 3' ends of cDNAs LM6 and MG13 within the LRR and used 
to screen the USDA/ISU 'Williams 82' BAC library under high stringency PCR conditions. 
For confirmation that specific BACS were the source of a specific cDNA, positive BACs 
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were used as template for PCR using the cDNA 3' LRR primers. The PCR products were 
sequenced and the sequences were compared to the cDNAs. The localization of cDNAs 
MG 13 and LM6 is described in detail in Graham et al. (2000). 
Sequencing of genomic fragments 
To determine the genomic sequences of RGAs within BAC 34P7, the sequences of 
cDNAs LM6 and MG13 were compared to identify conserved regions from which 
overlapping primers could be designed. Sequence comparisons were made using 
AutoAssembler (Applied Biosystems, Foster City, CA) and Lasergcnc (DNAstar, Inc.. 
Madison, WI) software. Nine primer pairs were targeted across the length of the consensus 
R-gene sequence so that overlapping fragments were produced upon amplification. Primers 
were designed using Oligo 6.0 (Wojcicch Rychlik, 1998). Primer sequences can be seen in 
Table 1. The genomic sequence corresponding to cDNAs LM6 and MG13 were determined 
by PCR and by BAC-end sequencing (Graham et al. 2000). 
The overlapping primer pairs were used for PCR amplification of BAC 34P7. PCR 
cycling conditions were 94°C for 2 min, 35 cycles of 94°C for 1 min, 52°C for 30 see, 72°C 
for 1 min, followed by 12° for 2 min. The amplification products were purified from a 1% 
low melt gel and cloned using the pGEMT Easy Vector System 1 (Promega, Madison, WI). 
Plasmid DNA was then isolated according to Sambrook et al. (1989) and sequenced at the 
Iowa State DNA Synthesis and Sequencing Facility. Ten clones were chosen at random for 
sequencing. Automated dideoxy sequencing was carried out on both strands using an ABI 
377 Automated Sequencer. Reactions were set up using the Applied Biosystems (Foster 
City, CA) Prism BigDye terminator cycle sequencing kit with AmpliTaq DNA polymerase, 
FS and electrophoresed on an Applied Biosystems Prism 377 DNA sequencer. 
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Controls 
To demonstrate that sequence differences between the PCR generated clones were not 
due to misannealing or other PCR derived errors, the following controls were implemented. 
Primer pairs GS 2 and GS 3B (Table 1) were used in control reactions to test for PCR-
generatcd recombinants. From the clones amplified and sequenced from GS 2 and GS 3B, 
two unique clones were chosen from each primer pair for use in the control. Equal amounts 
of the clone DNAs were used as template in the same PCR reaction with the corresponding 
primer pair. Templates for the GS 2 reaction were each 463 basepairs (bp) in length and 
showed 93% nucleotide identity. Templates for the GS 3B reaction differed by a 199 bp 
direct repeat and seven additional bp differences. The clones were 550 and 749 bp in length 
and excluding the repeat, were 99% identical. PCR conditions and cloning were performed 
as above and ten clones from each primer pair were chosen at random for sequencing. 
To check for reproducibility of the results the PCR reaction using the GS 1 primer 
pair was repeated. PCR conditions and cloning were preformed as previously and ten clones 
were chosen at random for sequencing. In repeating the experiment, we expected to find the 
same clones found originally. 
Sequence analysis 
Proofreading and vector sequence removal was done using the Sequcnchcr 
(GeneCodes, Madison, WI) program. Sequences generated from a specific primer were 
aligned in Sequencher and compared to look for redundant clones. To be considered unique, 
a clone must differ from all the other clones generated from that primer pair by at least three 
nucleotides. Given an error rate of only 8.9 x 10 ~5 to 1.1 x 10"4 errors/bp associated with Taq 
DNA Polymerase (Barnes et al. 1992; Cariello et al. 1991) in the PCR reaction and the 98% 
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accuracy associated with AmpliTaq DNA polymerase, FS (product description) used in DNA 
sequencing, this criteria ensured that the identified clones were truly unique. 
The location of introns were predicted based on the sequences of cDNAs LM6 and 
MG13 (Graham et al. 2000) and using the NetPlantGene intron prediction program 
(Hebsgaard et al. 1996). Sequence analyses of the 91F11 R-genes were performed using 
GCG software (Genetics Computer Group, Madison, WI). Exon sequences were combined 
using the Assemble program. Sequence alignments were generated using the Pileup program 
and amino acid substitution rates were determined using the Diverge program. 
Results 
To verify that sequence differences between clones was not due to misannealing 
occurring during PCR, control reactions were performed. Distinct clones were used as 
templates in the same PCR reaction. The PCR products were cloned and randomly 
sequenced to identify recombinants that formed as a result of the PCR reaction. For primer 
pair GS 2, six of the clones showed 100% identity with one parent clone while four showed 
100% identity with the other. For primer pair GS 3B, five clones showed 100% identity with 
one parent, while the rest showed 100% identity with the other parent. In each of these cases, 
no evidence of recombination occurring during PCR was found. Repeating the PCR reaction 
and cloning using the GS 1 primers and BAC 34P7 DNA identified four of the five clones 
identified in the first reaction. No novel clones were identified. If the generation of unique 
clones were due to misannealing, all of the clones identified in a PCR reaction would most 
likely be unique, and there should not be duplicate copies of the same clone. 
Using the primers designed from cDNAs LM6 and MG13 we were able to generate 
genomic sequences from multiple RGAs within the gene cluster on BAC 34P7. The 
positions of the PCR amplification products relative to the genomic sequence of cDNA clone 
LM6 are shown in Figure 1. Each horizontal line represents a unique clone generated from a 
given primer pair. The top line from each primer pair group, designated GS 0, GS 2, GS 3, 
GS 5, and GS 6, represents amplified genomic sequences corresponding to cDNA LM6. For 
primer pair GS 0, only two unique clones were identified out of the ten that were sequenced. 
There are two possible explanations for this. First, the genes could be so different in this 
region, that only two could be amplified. Or second, all but two of the genes arc identical in 
this region. Because the GS 0 left-most primer was designed from the 5'UTR (untranslated 
region) of cDNA LM6 and the UTRs arc thought to be more divergent then the translated 
portions of genes, the first scenario is more likely. For primer pair GS 5 only 3 unique 
clones were identified, and again sequence differences are the likely explanation. Three 
amplification products contained either a stop codon or frame shift. These clones arc marked 
in Figure 1. Because the gene corresponding to MG13 is located on the last 1183 nucleotides 
of BAC 34P7 (data not shown) and because some of the potential priming sites fell within 
truncated portions of the gene, MG13 was not amplified in this experiment. 
The number of base differences, the ratio of nonsynoymous to synonymous amino 
acid substitutions (Ka/Ks) and the nucleotide identity of all two by two comparisons of 
amplification products generated by a given primer pair are shown in Table 2. By 
determining the K* to Ks ratios (Ka/Ks) it is possible to determine if a gene is under selective 
pressure. A ratio greater than one, meaning non-synonymous amino acid substitutions occur 
more frequently then synonymous substitutions, reflects diversifying selection. A ratio less 
than one suggest that non-synonymous substitutions are deleterious to the functional protein 
(Parniske et al. 1997). 
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For the Toll/Interleukin-1 receptor homology region of the genes (primer pair GS 0), 
the Ka/Ks ratio could not be determined since only two unique clones were identified. The 
GS-1 primer pair, which also overlaps portions of both the TIR and NBD, had an average 
K/Ks ratio of 1.59. The GS-2 primer pair, which overlaps the NBD, had an average Ka/Ks 
ratio of 1.39. While GS 1 overlaps the NBD, GS 2 completely spans it. Since the NBD is 
thought to be an effector region, which is less likely to undergo divergent selection, the GS 2 
primer pair, which completely spans this region, should have the lower K,/Ks value. The GS 
3 primer pair, which spans several conserved domains with unknown function (3, HD, 2. 1: 
Hammond-Kosack and Jones 1997) has an average Ka/Ks value of 0.68. Primer pair GS 4, 
which includes an intron, has an average Ka/Ks value of 0.30. Primer pairs GS 4B, GS 5, and 
GS 6 which overlap with the LRR regions of the genes have average Ka/Ks values of 0.56, 
1.12 and 1.39 respectively. 
In addition to sequence differences, we found several additions, deletions and 
duplications within the exons and introns of the PCR products of the R-genes on BAC 34P7. 
In Figure 1, the letters above some of the amplified clones represent structural differences 
between the clones and the genomic sequence corresponding to cDNA LM6. The same 
letter indicates regions with the same overall structural differences. The vertical alignment of 
the letters demonstrates that some of the structural differences occur within the same region 
of multiple genes. These changes are examined further in Figure 2. 
Panel A of Figure 2 shows a portion of the alignment of some of the clones amplified 
from GS 1 (structural changes B, C and 0 located within the first intron). Clone 1-1 
represents the genomic sequence corresponding to cDNA LM6. Relative to LM6 clone 1-3 
has a 50 bp insertion. Clone 1-5 has an insertion of 48 of those 50 bases and clone 1-2 has 40 
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of the 50 inserted bases. The alignment of the sequences suggests that the clones originally 
had the same insertion, however the latter two clones have undergone deletions of two and 
ten bases respectively. 
The second panel (B) in Figure 2 examines a portion of the coding region following 
the conserved domains of unknown function. Relative to clone 3-7, representative of LM6, 
clone 3-6 has a three base pair deletion while clone 3-11 has an overlapping 6 base pair 
addition. 
Panel C compares the general structure of two of the clones amplified by primer pair 
GS 3B and one of the clones amplified by primer pair GS 4. Clone 3B-2 has a perfect 199 
base pair repeat relative to 3B-1. The repeat includes parts of the exon and intron. Clone 
3B-2 has 16 of the 25 bases inserted in clone 4-7. In panel D, clone 4B-5 has an imperfect 38 
bp repeat, split by a 75 bp insertion. This portion of the sequence corresponds to the final 
intron in the genomic sequence for LM6. A BLASTn nucleotide homology search (Altschul 
et al. 1997) of the insertion against the GenBank nonredundant database shows highest 
homology with a soybean carboxyl transferase alpha subunit (GenBank accession number 
AF164511) with an expected value of 9 x 10"ls (GenBank December 2000). 
In the final panel of Figure 2, a partial alignment of some of the clones amplified by 
GS 6 is shown. Clone 6-7 corresponds to the genomic sequence of cDNA LM6. All of the 
other clones amplified have a three bp deletion relative to LM6. In addition, clones 6-5 and 
6-11 have overlapping 15 bp insertions and clone 6-2 has a 27 bp insertion. These insertions 
occur in the part of the open reading frame that codes for leucine rich repeats. 
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Discussion 
Using a PCR sampling approach we have examined the structures of R-genes within a 
single cluster on soybean Linkage Group J. We designed nine primer pairs that amplify 
overlapping segments from at least seven different resistance genes on BAC 34P7. 
Comparisons of the nucleotide sequences of these genes reveal that the amplified genes from 
within this cluster arc closely related. On average, nucleotide identities from within this 
region arc greater than 95%. 
A second interesting feature of the genes in this cluster is the high Ka/Ks ratio found 
within the TIR region of these genes. In lettuce (Meyers et al 1998), Arabidopsis (Botella et 
al. 1998) and tomato (Pamiske et al. 1997), K.a/Ks ratios greater than one have been limited to 
the p-strand/p-tum structural motif of the LRR. In other regions of the genes, including the 
NBD and TIR, the Ka/Ks ratios tended to be much smaller than 1. The results of Meyers ct 
al. (1998), Botella et al. (1998) and Paniske et al. (1997) supported the hypothesis that only 
the LRR regions of R-genes are involved in determining specificity to pathogens. The NBD 
and TIR are thought to be effector regions that would undergo purifying selection. However, 
recent studies in flax demonstrate the importance of these regions in changing specificities 
(Ellis et al. 1999; Luck et al. 2000). Ellis et al (1999) sequenced thirteen alleles of the L 
locus in flax and demonstrated that two alleles with different specificities differed only 
within the TIR. Luck et al. (2000) swapped TIR domains and a portion of the NBD between 
alleles of the L locus while maintaining the original LRR. These changes resulted in novel 
disease resistance specificities. These data suggest that changes in the TIR and portions of 
the NBD result in novel disease resistance specificities and therefore these regions may be 
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undergoing divergent selection. The data presented in the current study, support the above 
hypotheses. 
Another explanation for the high KVKS ratios detected within the cluster on BAC 
34P7 may be the presence of pseudogenes within the cluster. Three different primer pairs 
amplified products containing stop condons or frame shifts, suggested the presence of a 
psucdogenc. These may represent a single gene, or may come from multiple genes. In 
addition cDNA MG13, which is also derived from this cluster, is possibly a pseudogenc 
(Graham et al. 2000). MG13 contains deletions within the NBD, the conserved domains of 
unknown function, and the LRR. Since pseudogenes do not encode functional products, no 
purifying selection takes place and the number of polymorphisms in these genes would be 
higher. Including these genes in our analysis would increase the observed Ka/Ks ratios. 
However, no PCR derived genomic sequences with structural similarities to MG13 were 
detected, so if similar pseudogenes exist in this cluster, they were not included in our 
comparisons. 
In addition to nucleotide differences, we found evidence of structural changes among 
the genes within this cluster. Within each of the three putative introns we found evidence of 
insertions. The second and third introns also included relatively large duplications. In the 
second intron the duplication spanned part of the exon and part of the intron. Small 
insertions and deletions were also found in the coding regions of the genes. Sequence 
alignment of these regions revealed that multiple structural changes appear targeted to 
specific regions. Initial duplications have been followed by insertions and some insertions 
have been followed by deletions. While the resulting genes maintain a high nucleotide 
identity, comparison of their structural differences allows us to identify the different events 
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that have occurred within a specific region. Structural changes of this nature are consistent 
with models of unequal exchange between R-genes. Anderson et al. (1997) demonstrated 
that direct LRR repeats are able to undergo unequal exchanges that result in reduction and 
expansion of the LRRs and the development of novel specificities. Evaluation of the tomato 
CJ-4/C/-9 locus by Pamiske et al. (1997) implicated intergcnic regions of the clusters in the 
regulation of recombination rates. 
Using a step-by-step amplification technique we have been able to quickly and 
efficiently generate sequences from many different R-genes from within a cluster. Sequence 
comparisons of the R-genes located at the rps2, Rmd, rj2 locus has revealed several features. 
First, the R-genes are closely related and have an average nucleotide identity >95%. Second, 
the Ka/Ks ratios across the length of these genes are greater than one. This suggests that the 
TIR, NBD and LRR domains arc all undergoing divergent selection. Third, structural 
changes in these genes occur within defined regions and arc consistent with a model of 
recombination-driven mutations. The results of this experiment demonstrate that step-by-
step amplification of an R-gene cluster, rather than complete sequencing of a disease 
resistance locus, can be used to examine sequence differences in R-genes and the 
mechanisms which may lead to the development of novel disease resistance specificities. 
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Table 1. Overlapping primer pairs designed from cDNA LM6 to amplify overlapping 
genomic segments (see Table 2) of R-genes from BAC 34P7. 
Primer Name Primer Sequence Primer Size 
GS OL 5' TCA ACC ATT ATC ATA CTG AAC 3' 21 
GS OR 5 'AGT TCT GAT GAA GTC AGC G 3' 19 
GS 1L 5' TGG CTT TGC ATC AAG TAG C 3' 19 
GS 1R 5' GAA CTG CCA GAG CAA GTG 3' 18 
GS2L 5, TTG TTC ATA TCA TAG GGA TC 3' 20 
GS 2R 5' CAC GAT TCA AGA CAT CCT C 3' 19 
GS3L 5' AAT CAG AGT GCT GCT CTT C 3' 19 
GS 3R 5' CTC ACT CAC CGT GTT GTC 3' 18 
GS3BL 5' CCA GTG ATG AAA TCC AAG AG 3' 20 
GS3BR 5' AGA TAT GAG GAA ATC CAG AC 3' 20 
GS 4L 5' GGA AGT GCA AGA GAT TAT TG 3' 20 
GS 4R 5' GGA ACT CAA ATG AC G TAA TG 3' 20 
GS4BL 5' GTC TGG ATT TCT CCA TAT CT 3' 20 
GS4BR 5' CCT GCA ACC ATA AGC ACT C 3' 19 
GS 5L 5' CCA TCT AAC TTT GAT CCT ATC 3' 21 
GS 5R 5' ACA ATT CCA CAA CTA TCC AG 3' 20 
GS6L 5' GCT GGA TAG TTG TGG AAT TG 3' 20 
GS 6R 5' GGA AGT CAA GGA TGC ACA G 3' 19 
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Comparison1 BPb Ka/Ksc N.I.d 
GS 0 Range 1 1.00 
GS 0 Average - - -
G S1 Range 11-29 0.12-3.70 0.94-0.98 
GS 1 Average 20.4 1.59 0.96 
GS 2 Range 9-27 0.63-2.30 0.95-0.98 
GS 2 Average 19.8 1.39 0.96 
GS 3 Range 6-56 0.34-0.89 0.90-0.99 
GS 3 Average 37.5 0.68 0.93 
GS 3B Range 0-6 0.00-0.37 0.99-1.00 
G S 3B Average 3.3 0.37 0.99 
GS 4 Range 7-21 0.07-0.69 0.96-0.99 
GS 4 Average 13.6 0.30 0.97 
GS 4B Range 8-42 0.05-1.08 0.91-0.98 
GS 4B Average 28.1 0.56 0.95 
GS 5 Range 3-27 1.08-1.16 0.95-0.99 
GS 5 Average 18.7 1.12 0.97 
GS 6 Range 14-45 0.62-2.48 0.89-0.96 
GS 6 Average 33.9 1.39 0.91 
J All two-by-two comparisons within the PCR generated genomic clones for a given primer 
pair. 
b Number of base pair differences found within a two-by-two comparison of clones. 
L Ratio of nonsynonymous to synomymous substitutions. 
""'Nucleotide identity found in two-by-two comparisons. 
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Figure 1. Overlapping genomic segments from R-genes amplified from BAC 34P7. A. 
General structure of cDNA LM6. The locations of the 5'untranslated region (5' UTR). 
several introns (I), toll/interleukin receptor (TIR), nucleotide binding domain (NBD), 
conserved domains of unknown function (3, HD, 2 and 1) and the leucinc rich repeats (LRR) 
are noted above the figure. The ruler below indicates the size of LM6 in base pairs. B. PCR 
amplified genomic regions corresponding to R-genes amplified from BAC 34P7. The 
grouped horizontal lines represent all unique genomic clones amplified by a specific primer 
pair. The name of the primer pair is positioned above each group. The position of the group 
is shown relative to LM6 above. The letters above some of the lines indicate structural 
changes (insertions •, deletions A and duplications • •) found in the clones, relative to 
LM6. An asterisk (*) is used to indicate the location of a framcshift in potential 
psucdogenes. A period is used to indicate the location of an in frame stop codon in a potential 
psuedogene. 
Figure 2. Partial sequence alignments of structural differences in PCR-gcncratcd R-gcnc 
segments from BAC 34P7. The five panels arc labeled A-E. To the right of the panel name 
is the letter designating the structural change found in Figure 1. Sequences corresponding to 
the genomic sequence of LM6 are labeled. Specific fragment names immediately precede 
the sequences. In panels C and D, the duplicated region is underlined with a thin line and the 
duplication is underlined with a thick line. 
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CHAPTER 4. ORGANIZATION AND EXPRESSION OF A RESISTANCE GENE 
CLUSTER IN SOYBEAN 
A paper to be submitted to Plant Journal 
Michelle A. Graham1, Laura Fredrick Marek2 and Randy C. Shoemaker2,3 
Abstract 
PGR amplification was previously used to identify a cluster of resistance gene analogs 
(RGAs) on soybean linkage group J. Resistance to powdery mildew (Rmd-c), Phytophthora 
stem and root rot (Rps2) and an ineffective nodulation gene (Rj2) map within this duster. 
BAC fingerprinting and RGA-specific primers were used to develop a contig of BAC clones 
spanning this region in cultivar 'Williams 82' [rps2, Rmd (adult onset), ry'2; Marek and 
Shoemaker, 1997]. Two cDNAs showing homology to the TIR/NBD/LRR family of disease 
resistance genes have also been placed in the contig (Graham et al. 2000). The two cDNAs 
mapped on opposite ends of a core BAC in the contig, BAC 91FI1. We have now sequenced 
116 kb of this BAC. Sequence analyses identified fifteen different R-genc sequences with 
homology to the TIR/NBD/LRR family of disease resistance genes. Two of these R-genes 
represent a novel class of disease resistance genes; TIR/NBD domains fused in frame to a 
putative secretory protein. RT-PCR analyses using gene-specific primers allowed us to 
monitor the expression of the individual genes in different tissues and at different stages of 
1 Interdepartmental Plant Physiology Major, Iowa State University, Ames. LA 50011 
: Department of Agronomy. Iowa State University, Ames. LA 50011 
* USDA-ARS. Com Insect and Crop Genetics Research Unit, Iowa State University. Ames. IA 50011 
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development. We identified six expressed genes, three of which where differentially 
expressed. Sequencing of BAC 91F11 has allowed us to examine the evolution and 
expression of a cluster of disease resistance genes in soybean. 
Introduction 
A typical resistance gene (R-gene) has two critical functions. The first is to perceive 
pathogen attack. To do this the gene must be able to differentiate between a wide variety of 
potential pathogens. The second function is to initiate the correct response to a particular 
pathogen. Once perception and induction of defense has occurred, a variety of processes take 
place. These may include a hypersensitive response, systemic acquired resistance, induction 
of pathogenesis-related genes and cell wall fortification. Each of these events, however, 
requires the initial recognition of pathogen attack. 
In the last several years, many different disease resistance genes have been cloned 
from plants. Analyses of cloned R-genes have revealed surprising similarities. First. R-
gencs seem to be very abundant. Completion of the Arabidopsis genome sequencing project 
has revealed the NBD/LRR family of disease resistance genes may comprise as much as 1% 
of the Arabidopsis genome (Meyers et al. 1999). 
A second finding from analyses of resistance genes isolated from diverse plant 
species is they tend to be clustered in the genome. The Dm3 locus in lettuce is made up of 22 
R-gene homologs within a 3.5 Mb region (Meyers et al. 1998). The seven members of the 
Xa2l gene family in rice span a 230 kb region (Song et al. 1997). The seven members of the 
12 family in tomato span 90kb (Simons et al. 1998). The Arabidopsis RPW8 locus is 
comprised of five homologs within 13kb (Xiao et al. 2001). Within these clusters, the R-
80 
genes often share high nucleotide identity. For example, in the Xa2l R-gene family, the 
seven homologs share greater than 90% nucleotide identity (Song et al. 1997). 
Perhaps the most important similarity shared between cloned resistance genes is 
conservation of gene structure. Regardless of the type of pathogen to which they confer 
resistance, or the plant from which they were cloned, resistance genes tend to have similar 
structural domains (Hammond-Kosack and Jones 1997). The largest class of resistance genes 
is the nucleotide binding domain (NBD), leucine rich repeat (LRR) family of disease 
resistance genes. The LRR is thought to be responsible for pathogen recognition. The NBD 
is an effector region thought to bind ATP or a similar analog to activate downstream defense 
responses. The NBD/LRR family of genes can be further broken down into two groups: the 
Toll/Intcrleukin-1 receptor (TIR) group and the coilcd-coil (CC) group. The TIR domain is 
thought to be involved in rapid signal transduction cascades, as is the CC; however, it has 
also been shown to play a role in pathogen perception. For a complete review of R-gene 
structure, see Hammond-Kosack and Jones (1997). 
While some clusters are composed of R-genes with similar motifs, other clusters arc 
composed of multiple classes of R-genes. Perhaps one of the best examples is the Pto cluster 
in tomato which provides resistance to Psuedomonas syringae. Pto is a protein kinase and 
resides on the same cluster as Fen, a second protein kinase, and Prj\ a CC/NBD/LRR R-gene 
(Salmeron et al. 1996). Resistance to P. syringae requires both Pto and Prf. Similarly, the 
barley Mia locus is comprised of three distinct sub-classes of CC/NBD/LRR genes (Wei et 
al. 1999). 
Multiple pathogen specificities may also reside within a single cluster. Three genes 
in the Arabidopsis RPPJ locus recognize distinct Peronospora parasitica isolates (Botclla et 
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al. 1998). Alternatively, clusters may contain R-genes conferring resistance to biologically 
diverse pathogens. In potato, Gpa2 and Rxl are found in the same cluster of genes. Gpa2 
confers resistance to the potato aphid while Rxl confers potato virus X resistance (van dcr 
Vossen et al. 2000). The Arabidopsis HRT/RPP8 cluster confers resistance to a viral 
pathogen and an oomyccte pathogen (Cooley et al. 2000). 
There are now three reports of single genes providing multiple disease resistance 
specificities. The Mi gene in tomato serves two roles. It confers resistance to both the potato 
aphid and to the root-knot nematode (Vos et al. 1998). The Arabidopsis gene RPM1 confers 
resistance to two unrelated strains of Psuedomonas syringae (Grant et al. 1995). Perhaps 
even more interesting for potential agricultural use is the Arabidopsis RPW8 gene. This gene 
confers resistance to fifteen isolates of Erysiphe cichoracearwn and one isolate each of E. 
cruciferarum, E. orontii and Oidium lycopersici (Xiao et al. 2001). 
Determining how sequence differences between homologs result in altered 
specificities has been essential in examining the evolution of R-genes. By examining three 
haplotypes of the C/-2/CJ-5 family in tomato, Dixon et al. (1998) were able to demonstrate 
that variation in LRR copy number and recombination play a role in generating diversity. In 
addition, the solvent-exposed regions of the LRR are hypervariablc and correlate with novel 
specificities (Dixon et al. 1998, Botclla et al. 1998; Anderson et al. 1997; Pamiske et al. 
1997; Meyers et al. 1998; Ellis et al. 1999; Warren et al. 1998). Grant et al. (1995) 
hypothesized that different regions of the LRR were responsible for recognizing unrelated 
strains of Psuedomonas syringae. In the case of the rice blast resistance gene Pi-ta, a single 
amino acid change within the LRR resulted in susceptibility to rice blast (Bryan et al. 2000). 
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In the P locus of flax, six amino acid changes within the B-strand/B-turn motif of the LRR 
were responsible for the different specificities of P and P2 (Dodds et al. 2001 ). 
Recently, the TIR has also been implicated in determining pathogen specificity. 
Sequencing of 13 alleles in the L locus of flax has revealed that two alleles differing only in 
the TIR. have different pathogen specificities (Ellis et al. 1999). In addition. Luck et al. 
(2000) used domain swapping of the TIR and portions of the NBD to demonstrate that these 
changes resulted in the development of novel specificities. 
One area of disease resistance research that has remained relatively unexplored is the 
expression of disease resistance genes. Using the BLASTX algorithm, Meyers et al. (1999) 
identified 95 unique NBD sequences out of 750,000 ESTs from wheat, maize, rice and 
soybean. This is equal to one in eight thousand transcripts. Analysis of 183,000 ESTs from 
the soybean EST database found only 41 sequences with homology to the TIR. This means 
that only one in five thousand soybean ESTs correspond to TIR containing R-genes. 
Given these low transcript levels, expression of only a few genes have been examined 
in detail. Expression of the Pib gene for rice blast resistance was examined by Northern blot. 
Wang et al. (1999) found that the gene was induced by different light and temperature 
conditions. Cooley et al. (2000) examined the expression of the HRT gene in Arabidopsis by 
RT-PCR and were unable to detect induction of the gene with pathogen inoculation. 
Yoshimura et al. (1998) used reverse-transcriptase polymerase chain reaction (RT-PCR) to 
demonstrate the induction of the bacterial blight resistance gene Xal upon pathogen 
inoculation. Using the 1-2 promoter fused to the 6-glucuronidase reporter gene. Mes et al. 
(2000) were able to detect expression of the reporter gene in fruits, leaves, stems and roots. 
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Because of the similarities found between R-genes from a wide variety of plant 
species, it has been possible to identify large numbers of putative R-genes. In soybean, 
degenerate oligonucleotide primers were used to identify a cluster of resistance gene analogs 
(RGAs) on soybean linkage group J (Kanazin et al. 1996). The RGAs were located within a 
cluster of previously mapped genes; powdery mildew resistance (Rmd-c) and Phytophthora 
stem and root rot (Rps2) and the ineffective nodulation gene Rj2. Using a combination of 
RGA-specific primers and BAC (Bacterial Artificial Chromosome) fingerprinting, a contig 
of BACs was developed for this region in soybean cultivar 'Williams 82' [rps2, Rmd (adult 
onset), rj2\ By screening cDNA libraries with RGA-specific probes, two cDNAs were 
identified which mapped on opposite ends of a core BAC in the contig, 91F11 
(GmJSbOO 1 091_F11 ; Graham et al. 2000). 
We report here the sequencing of soybean BAC 91F11 from cultivar 'Williams 82'. 
We have identified fifteen different R-gene sequences within this BAC. including a 
potentially novel class of disease resistance gene; two R-gene sequences with homology to 
the TIR and NBD domains of R-genes fused in frame to a putative secretory protein believed 
to be involved in downstream pathogenesis responses. Based on sequence differences 
between the R-genes we designed gene-specific primers for twelve of the genes on this BAC. 
Using RT-PCR. the primers were used to determine the expression patterns of the R-genes. 
In addition, sequence analyses have allowed us to examine the evolutionary forces acting 
upon this cluster of genes. 
84 
Materials and Methods 
BAC 91F11 sequencing 
BAC 91F11 subclones were generated from BAC DNA prepared using Qiagen (Qiagen, 
Valencia, CA) tip-100s using three different methodologies. Subclones were prepared from 
low-melt agarose purified BAC insert DNA digested with Sau3A I and ligated into the BamH 
I site of HK-phosphatase (Epicentre Technologies, Madison, WI) treated pGEM3 Z+ 
(Promega, Madison, WI). Because many of the initial subclones were chimeric, subclones 
were also generated from Tsp509 I partially digested BAC DNA treated with HK-
phosphatase, size-selected on a low-melt agarose gel and ligated into the EcoR I site of 
pBSKII+ (Stratagene, La Jolla, CA). While this technique did not produce detectable 
chimeric subclones, many gaps remained in the BAC sequence after analysis of a number of 
clones statistically determined to provide full sequence coverage. Sequence gaps were then 
filled using subclones generated from nebulized, phosphatase-treated and end-polished DNA 
(Invitrogen, La Jolla, CA) cloned into the EcoR V site of pBSKII+. Subclones determined 
by BssH II digestion and gel electrophoresis to be 1500 bases or larger were sequenced by 
the Iowa DNA Synthesis and Sequencing Facility. Subclone sequences were assembled 
using Sequencher software (Gene Codes Corporation, Ann Arbor, MI). Once a core of 
contig sequences was assembled, only additional informative subclones were completely 
sequenced. Sequence similarities were determined using the BLASTX algorithm (Altschul et 
al. 1997) against the GenBank nonredundant database. Sequence similarities to ESTs were 
determined using BLASTN (Altschul et al. 1997) to search the GenBank EST database. R-
gene sequences were aligned using Megalign software (DNA S tar, Madison, WI). 
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Sequence Analysis of BAC 91F11 resistance genes 
The location o Cintrons were predicted based on the sequences of cDNAs LM6 and 
MG13 (Graham et al. 2000) and also by using the NetPlantGene intron prediction program 
(Hebsgaard et al. 1996). Sequence analyses of the 91F11 R-genes were performed using 
GCG software (Genetics Computer Group. Madison, WI). Exon sequences were combined 
using the Assemble program. Gene sequences were kept whole and later divided into 
functional domains for analysis. These domains included the Toll/lnterleukin receptor (TIR), 
nucleotide binding (NBD), and leucine rich repeats (LRR) domains. In addition, the 
intervening region (IR) between the NBD and LRR was analyzed. Sequence alignments 
were generated using the Pileup program and amino acid substitution rates were determined 
using the Diverge program. Two by two contingency tables were used to determine the 
significance of amino acid substitution rates. Phylogenetic trees were constructed using 
Paupscarch with the heuristic tree search and parsimony options. Significance of the trees 
was determined by bootstrap analysis. 
Development of resistance gene specific primers 
As genomic sequences were obtained from BAC 91F11, they were arranged into 
contigs made up of overlapping sequences. These sequences were examined for disease 
resistance motifs using the BLASTX algorithm. Fifteen different genes or gene fragments 
were identified, ranging in nucleotide identity from 71-99% (see results). Alignment of the 
genes using Lasergene software (DNASTAR, Inc., Madison, WI) was used to identify 
regions from which gene-specific primers could be designed for use in RT-PCR. Oligo 6.0 
(Wojciech Rychlik, 1998) was used for designing primers for twelve of the genes (Table I). 
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Primers could not be designed for the three gene fragments due to their small size and the 
high nucleotide identity shared between genes. 
Controls for testing resistance gene primer specificity 
Each primer pair was tested by PCR against subclones representing all other 
resistance genes in the contig. PCR was performed using a PTC 100 thermocycler from MJ 
Research, Inc. PCR reactions were 20 ul and contained lx Gibco BRL PCR buffer. 2.0 mM 
MgCl2, 200 uM each dNTP, 0.2uM each primer, 1 ul template DNA and 0.5 U Taq Enzyme 
(Gibco BRL, Rockville, MD). PCR cycling conditions were 94°C for 2 min, 35 cycles of 
94°C for 1 min, anneal for 30 sec, 72°C for 1 min, followed by 72° for 2 min. Annealing 
temperatures were altered until a specific primer pair would only amplify its corresponding 
subclone. A Southern blot of PCR products derived from each primer pair was use to test if 
the primers were specific relative to the rest of the genes in the contig. A second Southern 
blot was used to demonstrate the gene-specific PCR product could hybridize to all the 
subclones. Together, the two Southern blots demonstrated the gene-specific primers were 
specific relative to the rest of the genes in the contig. 
To test whether the primers were specific relative to the rest of the R-genes in the 
genome, the gene-specific primers were tested against the Williams 82 BAC library. The 
primers were considered specific if they amplified only BACs that overlapped with BAC 
91F11. Once the gene-specific primers were selected, they were re-tested against the 
subclones representing all of the genes using the reagents for RT-PCR. 
mRNA isolation and reverse transcriptase polymerase chain reaction 
Six mRNA samples were isolated from a range of organs and stages of development 
in soybean cultivar 'Williams 82'. Plants from which samples were collected at nine days 
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after planting (DAP) and 14 DAP were grown in growth chamber. The samples of mature 
leaves were taken from greenhouse grown plants 150 DAP. Flower and pod samples were 
taken from field grown plants at 62 and 80 DAP, respectively. Samples were taken from at 
least six plants, combined, and ground in liquid nitrogen in preparation for mRNA isolation. 
mRNA was isolated from 2 grams of selected tissues using the Micro-FastTrack 2.0 Kit 
(Invitrogen, Carlsbad, CA). Approximately 0.1 ug of mRNA was used for first strand cDNA 
synthesis using the Advantage RT-for-PCR kit (Clonetech. Palo Alto, CA). An oligo (dT) 18 
primer was used for the first strand synthesis. cDNAs were amplified using the Advantage 
cDNA polymerase mix (Clontcch). Amplification reactions had a final concentration of I x 
cDNA PCR reaction buffer. 0.2 mM dNTPs and 0.5x cDNA polymerase mix in a total 
volume of 20 ul. Amplification conditions were those determined for the gene-specific 
primers above. RT-PCR products were run out on a 1% agarose, 1% TAE, cthidium bromide 
gel. 
Controls for the RT-PCR reactions included a 'minus1 reverse transcriptase RT-PCR 
reaction to test each mRNA sample for genomic DNA contamination. cDNA synthesis and 
RT-PCR conditions were as described for tissue samples except no reverse transcriptase 
enzyme was added to the cDNA synthesis reaction. In addition, a RT-PCR reaction using 
water as the template for cDNA synthesis was included to check for reagent contamination. 
Each of the synthesized libraries, including the controls were amplified using primers 
designed from a soybean tubulin EST taken from the Public Soybean EST Project as a 
positive control. The sequences of the primers are Tub56 U, 5'CAA TTG GAG CGC ATC 
AAT G 3' and Tub56 L, 5' ATA CAC TCA TCA GCA TTC TC 3'. 
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It was impossible to design gene-specific primers at the same location in each of the 
genes due to the high nucleotide identity shared between genes. Differences in the primers, 
amplification lengths and primer annealing sites can significantly effect first strand cDNA 
synthesis and PCR efficiency. Therefore, we made no attempt to quantify expression of the 
genes. Our assay is a plus/minus assay to determine if the genes were detected in a particular 
tissue. 
Analysis of secretory proteins 
To determine if genes homologous to genes 13 and 14 existed elsewhere in the 
genome, primers were designed to span the resistance gene and secretory homology fusion 
point. Primer NBD 13/14 (5' GGC CTT CCA CGG GCT TT 3') was designed from within 
the GLPLA domain of the NBD. Primer Secretory 13/14 (5' TGC AAT ACC TCC ART 
TAA TC 3') was designed from within the secretory protein. The primers were used to 
screen the Williams 82 BAC library. The PCR conditions for screening the Williams 82 
BAC library arc described for the R-genc specific primers. The annealing temperature was 
52°C. 
Results 
Sequence analysis of BAC 91F11 
The subclones from BAC 91F11 were assembled into three large contigs of 12,608, 
42,091 and 61,394 nucleotides. Average sequence redundancy is three-fold. Based on BAC-
end sequences from other BACs in the Williams 82 linkage group J contig (Graham et al. 
2000), we were able to orient the contigs relative to each other within the BAC. 
Using the BLASTX algorithm (Altschul et al. 1997), we determined similarities for 
sequences within the BAC by screening the GenBank nonredundant database (December 
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2000; Fig. 1). Only sequences with an expected value greater than 10"20 were accepted. 
Sequence homologies included fifteen resistance gene fragments, a leucine zipper protein, a 
hypothetical protein from Arabidopsis, three sequences with highest homology to a portion 
of a soybean calmodulin gene, three sequences with homology to a putative secretory protein 
and four regions with homology to retroelements (Fig. 1). 
The BLASTN algorithm was used to search for sequences with similarity to 
expressed genes from dbEST (GenBank December 2000). A minimum expected value of 
10"* was used. We were able to identify only a single EST with similarity to any of the 
retroelements in cluster. However, we were able to identify ESTs with similarity scores 
greater than 10"* for all of the other open reading frames in the BAC. Similarity to ESTs 
docs not necessarily reflect expression of the BAC 91F11 genes, instead it reflects similarity 
to genes which are expressed. In addition, we identified regions in the BAC with no 
similarity to sequences currently in the nonredundant database but with significant similarity 
in dbEST (Fig. I). 
Calmodulin Fragments 
By comparing the sequences of the fragments with similarity to the soybean 
calmodulin gene SCaM-4 (Heo et al. 1999), we were able to determine that the two 
calmodulin fragments, labeled Cal and Ca2, have similarity to different parts of the same 
gene (Fig. 1). Cal overlaps half of the third EF domain in the soybean calmodulin mRNA 
and Ca2 shows homology with the fourth EF domain. The two domains are separated by a 
953 bp sequence with no similarity in the GenBank nonredundant database. The third 
calmodulin fragment (Ca3), located approximately 30,000 bp distal to Cal on the BAC. 
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completely overlaps with calmodulin fragment Ca2. Interestingly, the ScaM-4 is one of two 
calmodulin isoforms induced by fungal elicitors or pathogen infection (Heo et al. 1999). 
Retroelements 
The retroelements from BAC 91F11 fall into three groups (Fig. 1). Two of the 
retroelements are Gypsy/Ty3-related retroelements while the other two sequences show 
homology to a Ta 11-like non-LTR retroelement and a LI-like non-LTR retroelement. 
Further analyses were made of the two Gypsy/Ty3 retroelements. The clement located 
between R-genes 13 and 14 has long terminal repeats of 390 bases. Three base differences 
were observed between the LTRs. The 4,401 bp open reading frame is disrupted by three 
stop codons. Insertion of the retroelement resulted in duplication of the target sequence 
GAAAG. The second Gypsy/Ty3 element, next to R-gene 4, has identical LTRs. 370 bp in 
length. The open reading frame is 4,524 bp in length and appears to be intact. Insertion of 
this retroelement resulted in a target site duplication of five bases, TGGGG. The LTRs of the 
two retroelements show no significant nucleotide identity with each other. Within the open 
reading frame the retroelements share approximately 50% nucleotide identity. 
Structure of BAC 91F11 Resistance genes 
Using the GCG software package, we analyzed the structures of the R-genes located 
within BAC 91F11 (Fig. 2). The fifteen genes have an average nucleotide identity of 86% 
within the predicted exons. The structures of the genes are shown in Fig. 2. Genes 1,3,4, 5. 
7.8, 10, 11 and 12 appear to be full-length genes with similarity to the TIR/NBD/LRR 
family of disease resistance genes. Each of these genes contains ten LRRs except for gene 
12, which is missing the three terminal LRRs. All of the genes, except gene 7, contain 
complete open reading frames. Gene 7 contains three frameshifts resulting in stop codons. 
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The locations of these frameshifts are shown in Fig. 2. The intron positions within the genes 
are conserved, however the size of the intron may vary. 
In addition to the full-length genes, we identified several truncated genes. Gene 
fragments A, B and C each contain a portion of the TIR. From the start site, fragment A 
extends 404 bases and fragment B extends 210 bases. Fragment C extends 603 bases and 
contains a complete TIR and a portion of the NBD. Genes 13 and 14 contain a TIR domain 
and an NBD. Beyond the 3' end of the NBD (at bp position 1477), the two genes show no 
similarity to resistance gene sequences. However, analysis revealed the open reading frames 
extended 643 bases past the NBD. Using the BLASTX algorithm, we found these sequences 
had 66% amino acid identity to the predicted amino acid sequence of a mRNA for an 
unknown secreted protein (NtPRp27; Okushima et al. 2000). Genes 13 and 14 have 91.4% 
nucleotide identity from the start of the gene through the end of the secretory protein 
homology. Detailed analyses of the two genes shows the fusion occurs at the same break 
point, suggesting one of the genes is a duplicate of the other. In addition, sequences 1050 bp 
past the 3' end of the secretory protein similarity have a nucleotide identity of 91.0%. At the 
end of this region, gene 13 has a 243 bp repeat of the 5' portion of the unknown secreted 
protein (Fig. I). 
We examined the GenBank nonredundant database, dbEST and the dbGSS to 
determine if similar sequences had been submitted. We were unable to identify any R-gene 
sequences fused to a secretory protein. Comparison of the amino acid sequences of putative 
secretory proteins from tobacco, wheat, barley and Arabidopsis with the putative secretory 
region of genes 13 and 14 shows strong amino acid conservation (Fig. 3 A). Phylogenetic 
analyses of the secretory proteins demonstrated the secretory portions of genes 13 and 14 
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showed greatest the similarity to NtPRp27 of tobacco (Okushima et al. 2000) and two 
putative genes from Arabidopsis (GenBank Accession numbers GB AAD25570.1 and GB 
AAD25577.1; Fig. 3B). 
To determine if genes homologous to genes 13 and 14 existed elsewhere in the 
soybean genome, primers were designed to span the R-gene/secretory protein fusion (Figure 
3A). The 5' primer was designed from a conserved domain within the nucleotide binding 
domain. The 3' primer was designed from a conserved domain identified by the alignment of 
the secretory proteins. The primers were then used to screen the Williams 82 BAC library. 
The primers identified only those BACs overlapping with BAC 91F11. 
Evolutionary analysis of BAC91F11 R-genes 
The GCG program Diverge was used to examine sequence differences between the 
BAC 91F11 R-genes. The R-genes were analyzed as whole genes and were also divided into 
structural domains. The domains included the TIR, NBD, LRR and the intervening region 
(IR) between the NBD and LRR. By examining the ratio of nonsynonymous substitutions 
(Ka) to synonymous substitutions (Ks), we hoped to determine the types of evolutionary 
forces acting upon the genes. Two by two contingency tables were used to determine the 
significance of the results (Table 2). All portions of the genes appear to be under purifying 
(Ka/Ks<l) or neutral selection pressure(Ka/Ks=l). 
Sequence analysis of other R-gene clusters has suggested that the solvent exposed 
amino acids of the l3-strand/(3-turn motif of the LRR arc involved in determining pathogen 
specificity. The ten LRRs of genes 1,3,4, 5, 7.8. 10 and 11, and the seven LRRs of gene 12 
were analyzed by separating the 13-strand/B-turn motif from the remainder of the LRR. 
Amino acid substitution rates were then determined for these two regions (Table 2). Unlike 
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the other regions of the genes, the 13-strand/IB-turn motif appears to be under diversifying 
selection (Ka/Ks>l). Amino acid alignment of the LRRs demonstrates the hypervariability of 
the l3-strand/13-turn motif specifically in the fifth, sixth and seventh LRRs (Fig. 4). 
The alignment of the fifteen R-genes was used to construct phylogenetic trees of the 
gene cluster (Fig. 5A-F). For genes 13 and 14, only the R-gene portions of the genes were 
included. Phylogenetic analyses were performed using the heuristic tree search and 
parsimony options. Genes in close proximity on the BAC do not appear to cluster within the 
phylogenetic trees. Phylogenetic analyses were also performed on the TIR, NBD, IV and 
LRR domains (Fig. 5B-E). As expected, the grouping of the individual domains does not 
follow the grouping of the whole genes. In addition, most of the bootstrap values for the 
nodes are not significant. These results suggest that recombination may have occurcd 
between the genes in the cluster. If recombination has occurred, no single tree would be able 
to correctly depict the phylogenetic relationships between genes. 
RT-PCR 
By comparing the sequences of the fifteen different R-gene fragments we were able 
to design twelve gene-specific primers that differentiated twelve of the fifteen R-genes on 
BAC 91F11 from each other (Table 1 ). We were unable to design primers that would 
differentiate the three R-gene fragments due to their small size and high nucleotide identity. 
Controls verified the gene-specific primers differentiated between subclones representing all 
fifteen genes. By screening the Williams 82 BAC library we also showed that the primers 
were specific to the R-genes on linkage group J. 
Using the gene-specific primers we were able to perform RT-PCR to monitor the 
expression of twelve of the genes on BAC 91F11. cDNA libraries were made from six 
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different soybean tissues. The tissues chosen represented different organs of the soybean as 
well as different developmental stages. We used minus-RT cDNA synthesis reactions to test 
mRNA samples for genomic DNA contamination (Fig.6 A). Minus-RT cDNAs were 
screened with primers designed from a soybean tubulin EST. No genomic DNA 
contamination of the mRNA samples was detected. In addition, a minus-RT reaction using 
water as the template was used to test for contamination of the reagents. 
RT-PCR results demonstrate six of the BAC 91F11 R-genes are expressed (Fig 6B 
and C). Genes 2, 10 and 14 appeared to be constitutively expressed in all of the tissue 
samples. Gene 2 corresponds to cDNA MG13 (Graham et al. 2000), which had been isolated 
from soybean roots infected with Ileterodera glycines. Gene 14 is one of the two R-genes 
fused to a secreted protein-like gene. Genes 8, 11 and 12 appear to be differentially 
expressed. Gene 8 product, which corresponds to cDNA LM6 (Graham et al. 2000), was 
detected only in the above ground portion of the plant at 9DAP. cDNA LM6 had originally 
been isolated from soybean epicotyls (Graham et al. 2000). Gene 11 product was detected in 
the below ground portion of the plants at 9 DAP. Gene 12 product was detected in the above 
ground portion of the plant at 9 DAP and in mature leaves, 150 DAP. 
Discussion 
R-gene structure and evolution 
BAC 91F11 contains fifteen different R-gene sequences with homology to the 
TIR/NBD/LRR family of disease resistance genes. Analysis of the synonymous and 
nonsynonymous amino acid substitution rates between the genes has revealed several 
interesting features. First, the Ka/Ks ratios found in the TIR. NBD and IV regions arc less 
than or equal to one. This suggests that these regions are under neutral or purifying selection. 
95 
Second, the solvent exposed B-strand/B-turn domain of the LRR has a Ka/Ks ratio greater 
than one. These values would suggest that the 13-strand/B-turn motif of the LRR is 
undergoing divergent selection. Third, by analyzing the LRR domain as a whole, we find 
that all of the genes with LRRs, except for gene 12, contain ten LRRs. There is no evidence 
of expansion or contraction of the LRRs. This suggests that the LRR domains of the BAC 
91F11 R-genes arc evolving mainly by point mutations within the LRR, not by unequal 
crossing over. These mutations tend to accumulate in the B-strand/B-turn domain of 
individual LRRs but arc not limited to this region. 
Point mutations within the B-strand/B-turn of the LRR could lead to the development 
of novel resistance specificities and could alter the affinity for the ligand. In contrast, 
unequal crossing over within the LRR would lead to expansion or contraction of LRR copy 
number and could alter a potential ligand binding site, resulting in specificity for a novel 
ligand. As cloned R-gene sequences have been analyzed, intragenic unequal crossing over 
has been shown to play an important role in changing pathogen specificity. Decreases or 
increases in LRR number are associated with altered specificity in the L and M loci in flax 
(Anderson et al. 1997; Ellis et al. 1999; Luck et al. 2000), the Cf-5 locus in tomato (Dixon et 
al. 1998) and the RPP5 locus in Arabidopsis (Noël et al. 1999). The BAC 91 FI 1 R-gene 
cluster appears to be one of the few R-gene clusters in which intragenic unequal crossing 
over within the LRR does not appear play a major role in its evolution. 
While unequal illegitimate recombination docs not appear to be important in the 
evolution of BAC 91F11 R-genes, intergenic unequal recombination may be a factor. 
Analysis of the fusion junctions and the adjacent sequences of genes 13 and 14 suggests one 
of the sequences arose through direct duplication of the other. To determine if the 
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duplication was due to the insertion of the intervening retroelement, we examined the 
sequences of both genes 13 and 14 and of the retroelement separating them. Genes 13 and 14 
share greater than 90% nucleotide identity and contain complete open reading frames. The 
LTRs of the retroelement share greater than 99.2% nucleotide identity. The high 
conservation found within the LTRs suggests that the insertion of the retroelement was 
relatively recent, and occurred after the duplication of the two genes. Most likely, the 
duplicated genes are the result of intergenic illegitimate recombination. 
Truncated R-genes 
Analysis of the truncated resistance genes in the contig reveals several interesting 
features. Perhaps the most interesting is the structural diversity found among the truncated 
R-gencs. R-gene fragments A, B and C have increasing portions of the TIR domain (Fig. 1 
and 2). Fragment B has the 210 bases following the start site, fragment A has 404 bases 
following the start site and fragment C has 602 bases following the start site. Truncated 
genes have been identified in other R-gene clusters. In the RPP5 locus of Arabidopsis, 
sequencing of Landsbcrg erecta haplotypc identified nine paralogs (Noël et al. 1999). Of the 
nine, only one (RPP5) contained a complete open reading frame. The other eight paralogs 
contained premature stop codons or retroelement insertions. In the Xa21 locus of rice, only 
two of the seven paralogs contained complete open reading frames. The other paralogs have 
small deletions, base differences or retroelement insertions. In both of these cases (the RPP5 
and Xa21 loci), the structural changes resulted in frameshifts altering the coding sequence of 
the resistance gene, resulting in a truncated protein. Fragments A, B and C are completely 
lacking the sequences downstream of the TIR. The truncation is not the result of frameshifts 
or stop codons and there is no clear evidence of retroelement insertions. Similar sequences 
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with homology to the TIR have been observed in Arabidopsis. Of the 90 TIR/NBD/LRR 
genes analyzed by Meyers et al. (1999). 23 encoded TIR sequences with no NBD/LRR. As 
of yet. no function has been ascribed to these genes, however it is interesting to note that 
fragments A, B, and C arc not interrupted by stop codons. Even though the fragments may 
not represent functional genes, they could be involved in recombination and the development 
of novel disease resistance specificities. 
R-gene Expression 
RT-PCR was used to monitor the expression of twelve of the fifteen R-gencs. 
Expression was monitored in roots, shoots, flowers, pods, mature leaves and young leaves. 
Of the twelve genes examined, six of the genes were expressed. Gene 2, 10 and 14 were 
constitutivcly expressed in all tissues. Genes 8, 11 and 12 were differentially expressed. Of 
the differentially expressed genes only gene 12 was expressed in mature leaves. However, 
gene 12 was also detected in the above ground portion of the plant at nine DAP, but not in 
young leaves. Expressed genes arc not clustered together within the BAC. 
By monitoring the expression of the R-gencs we hoped to identify possible candidates 
for adult-onset powdery mildew resistance (Rmd). One scenario for adult-onset of resistance 
suggests that the gene required for powdery mildew resistance is expressed only in mature 
plants. Given that gene 12 is the only gene we detected that was expressed in mature leafs 
but not expressed constitutivcly, it may be a candidate for powdery mildew resistance. 
Novel disease resistance signature 
We have identified two R-genes (13 and 14) with high similarity to the TIR and NBD 
domains of disease resistance genes. In addition, these genes have a third domain with 
similarity to the secreted proteins NtPRp27 (Okushima et al. 2000) from tobacco and WCI-5 
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(Gôrlach et al. 1996) from wheat. NtPRp27 is constitutivcly expressed in roots but can be 
induced by infection with TMV, wounding, drought and by the application of ethylene, 
methyl jasmonate, salicylic acid and abscisic acid. Under stress conditions, the mRNA 
accumulation patterns mirror that of PR-1 (pathogenesis related protein 1; Okushima et al. 
2000). The expression of WCI-5 was induced by benzothiadiazole and infection with 
Erysiphe graminis tritici, the causative agent of powdery mildew in wheat. Benzothiadiazole 
is a salicylic acid homolog, which induces systemic acquired resistance. With each of these 
treatments, the expression of WCI-5 was coordinated with that of PR-1 (Gôrlach et al. 1996). 
These data suggest both NtPRp27 and WCI-5 arc involved in downstream pathogen 
resistance responses. We examined the GcnBank nonrcdundant database, dbEST and dbGSS 
and have been unable to find other R-gencs fused to sequences with similarity to these 
secreted proteins. 
Unlike NBD/LRR genes, homologs with similarity to NtPRp27 and WCI-5 arc rare. 
Okushima et al. (2000) estimated there were three NtPRp27 homologs in the tobacco 
genome. Using BLASTX (Altschul et al. 1997), we were able to identify six Arabidopsis 
NtPRp27/WCI-5 homologs in the GcnBank nonrcdundant database. Three of the homologs 
are clustered together on Arabidopsis chromosome 2. Two other homologs arc located on 
other regions of Arabidopsis chromosome 2. The final homolog is located on Arabidopsis 
chromosome 1. The three homologs identified in rice were also clustered. Examination of 
soybean EST sequences suggests there may be four homologs in the soybean genome (data 
not shown). However, using primers that spanned the R-gene/secretory protein junction, we 
were unable to identify other homologs in the soybean genome. Failure to identify other 
homologs of the R-gene/secretory protein fusion may mean that genes 13 and 14 are the sole 
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members of this class, or it may mean that other homologs have undergone sequence 
divergence, thus eliminating primer site recognition. 
Another interesting point to consider is the expression of genes 13 and 14. In the case 
of gene 14, the secretory protein is now fused to a gene whose expression is constitutive in 
all of the tissues examined. NtPRp27 and WCI-5, two secretory proteins with high similarity 
to genes 13 and 14, arc the only two other secretory proteins for whom expression data has 
been examined in detail thus far. For each of these genes pathogen-induced expression 
occurs two or nine days, respectively, alter infection (Okushima et al. 2000; Gôrlach et al. 
1996). In addition, NtPRp27 is constitutivcly expressed in roots (Okuskima et al. 2000). 
Fusion of the secretory protein to a disease resistance gene (13 and 14) places the gene under 
the regulation of a novel promoter thus creating novel expression profiles . 
Given that NtPRp27 is a secreted protein constitutivcly expressed in roots and 
induced by pathogen infection, Okushima et al. (2000) hypothesized that NtPRp27 may be 
associated with antimicrobial defense responses. Within the linkage group J cluster of 
disease resistance genes is the ineffective nodulation gene, Rj2. The reasons behind the 
inability to nodulatc are unknown, but it is interesting to speculate that symbiosis docs not 
occur because the potential symbiont is instead recognized as a pathogen. As in disease 
resistance, nodulation involves communication between the plant and the symbiont. Perhaps 
homologs of genes 13 and 14, which share homology to both disease resistance genes and 
NtPRp27, arc somehow involved in this response. 
Analyses of the alternative splice products of the tobacco mosaic virus resistance 
gene /V. suggest that ihe TIR and NBD domains of genes 13 and 14 could still act in signal 
transduction pathways. Alternative splicing of resistance genes has been demonstrated only 
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in the TIR/NBD/LRR family of disease resistance genes. In addition to M the flax rust 
resistance genes M (Anderson et al. 1997) and L6 (Lawrence et al. 1995) and the Arabidopsis 
Psuedomonas syringae resistance gene RPS4 (Gassmann et al. 1999) also produce alternate 
transcripts. Alternative splicing of the third intron in these genes removes most, if not all. of 
the LRR. Dinesh-Kumar and Baker (2000) used modified yV genes to demonstrate the 
importance of the alternative transcript in tobacco mosaic virus resistance. Transgenic plants 
with modified N genes, which could form only one of the two transcripts, could not mount a 
complete defense response. This suggests that both the full-length and alternate products arc 
required for complete resistance. Since genes 13 and 14 still contain complete TIR and NBD 
domains, they may still be involved in the disease resistance signal transduction cascade. 
In this paper we reported the sequencing of 116 kb of a core BAG in the soybean 
Linkage Group J contig known to span a cluster of disease resistance genes. Sequence 
analysis has revealed the presence of several different types of genes. These include genes 
with similarity to disease resistance genes, retroclements, calmodulin domains, leucine zipper 
proteins and secreted proteins. RT-PCR analysis has also identified differential expression 
patterns of several of the R-gencs. In addition, we have identified a novel class of TIR/NBD 
genes fused to a putative secretory protein involved in downstream pathogenesis and 
wounding responses. By analyzing the R-gene sequences within this BAC we have begun to 
make advances in understanding the mechanisms generating novel disease resistance 
specificities in soybean. 
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Table 1. Sequence of BAC91F11 resistance gene-specific primers used for RT-PCR. 
Primer Name1 Primer Sequence (5' to 3') Primer Length 
(nt) 
91F11R1 U GAC AAG CGC GAG CAA TTA G 19 
91F11R1 L CTA CAG TTT TTC CAA ATA AGT C 22 
91F11R2 U AAG ATA AGA TGG AGA AGC TGC 21 
91F11R2 L CGA TAA CTT GCT AAG TTG ATG 21 
91F11R3 U GTT TAG ATG AAC TTG TAA CCG 21 
91F11R3 L CCT GCT CAA CAA TAC TCT GG 20 
91F11R4 U TGT TCC TCA GCT TCA GAG GTT 21 
91F11R4L CGT TGA AGC TCC TTC TTG CC 20 
91F11R5 U TAA TAA TGG CTG CGG CAA CAC 21 
91F11R5 L CCA TTT CTG CAA CTT GTC TGG 21 
91F11R7 U CAA TGG CTA AGC ATC AGA AGG 21 
91F11R7 L CTG GAG CCT ATG TTG TAT CGT 21 
91F11R8 U CCT GAC AGC TCC ATT ACG TC 20 
91F11R8 L GAT TGC AGT CCG TGG CCT C 19 
91FllRIO U GGA TTA TCC AGT TGG TCT AGG 21 
91FIIR10 L GCT CGC GCT TAT CAA CAT CG 20 
91F11R11 U TCA GAA GAG GTT CAA AGC TAG 21 
91F11R11 L GTT AAG GTG ATG TCC TTC TCC 21 
91F11R12 U CCT TAA CAA GTT GGC AAG AAG 21 
91F11R12 L CGC CAG CTA ACC TTT AAT AAG 21 
91F11 Rl 3 U CTA AGC ATC AGA AAA GGT TCG 21 
91F11R13 L TTG CTC TTG CTC GTC AGC G 19 
91F11R14 U TAG TTA TGG AGA AGC AAT GAT 21 
91F11R14L ATT GCT CGT GCC TGT CTG 18 
a 91F11RX refers to the gene number as in Figure 1. 
b U/R designate upper and lower primers respectively for each primer pair. 
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Table 2. Comparisons of nonsynonymous and synonymous amino acid 
substitution rates (Ka/Ks) between the BAC 91F11 R-genesa 
Gene Pairb 
1 
r Probability K./K, 
TIR 
R3 v R5 5.60 0.018 0.349 
R3 v R13 3.92 0.048 0.556 
R5 v RC 4.03 0.045 0.562 
R5 v R13 4.00 0.046 0.596 
NBD 
Rl v R14 5.03 0.025 0.356 
R3 v R14 5.65 0.017 0.320 
R3 v RIO 5.97 0.015 0.330 
R4 v R5 7.50 0.006 0.276 
R4 v RT 5.72 0.017 0.351 
R4 v R8 7.18 0.007 0.298 
R4 v RIO 4.62 0.032 0.373 
R4 v R11 3.29 0.070 0.203 
R4 v R13 5.68 0.017 0.332 
R4 v R14 4.93 0.026 0.387 
R5 v R8 5.51 0.019 0.337 
R5 v Rl 1 5.89 0.015 0.193 
R7° v R8 6.80 0.009 0.170 
RT v RIO 6.40 0.011 0.206 
R7C v Rl 1 4.97 0.026 0.395 
R7S- R13 7.24 0.007 0.315 
RT v R14 4.23 0.040 0.308 
R8 v R13 4.71 0.030 0.293 
R8 v R14 4.45 0.035 0.322 
RIO vR13 4.45 0.035 0.291 
RIO vR14 3.97 0.046 0.544 
Rl1 v R13 4.54 0.033 0.522 
Rl 1 v R14 5.36 0.021 0.503 
IV 
Rl v R3 6.48 0.011 0.284 
Rl v R4 7.32 0.007 0.313 
Rl v R5 4.93 0.026 0.375 
Rl v R7C 10.63 0.001 0.247 
Rl v R8 4.08 0.043 0.405 
Rl v RIO 7.72 0.005 0.269 
RlvRll 5.10 0.024 0.332 
a Only comparisons that arc significantly different (P<0.05) from a Ka-'Ks ratio= 1 arc shown. 
X" values were determined using a 2x2 contingency table. 
b Sequence comparisons were made including the whole R-gene and the 
Toll/Intcrleukin-1 cytoplasmic receptor (TIR), nucleotide binding domain (NBD). 
intervening (IV) and leucine rich repeat (LRR) regions. The LRR was divided 
into the 13-strand/B-turn motif and the unframed regions between B-strand/B-turn 
motifs. 
c R7 is a putative psuedogene. 
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Table 2. (continued) 
Gene Pair r Probability Ka/K, 
IV 
Rl v R12 5.17 0.023 0.380 
Rl v R13 4.32 0.038 0.360 
Rl v R14 4.44 0.035 0.445 
R3 v R7< 3.73 0.053 0.458 
R3 vRll 4.84 0.028 0.433 
R4 v Rl 1 10.45 0.001 0.295 
R4 v R13 3.90 0.048 0.447 
R5 v R8 5.82 0.016 0.393 
R5 v RIO 4.60 0.032 0.427 
R5 v Rll 11.52 0.001 0.319 
R5 v R14 6.07 0.014 0.407 
R7C v R8 10.01 0.002 7.192 
R7" v RIO 6.94 0.008 5.233 
R7ev Rll 5.53 0.019 0.377 
R7Cv R12 4.17 0.041 0.406 
RT v R13 6.71 0.010 0.347 
R7C v R14 16.42 0.000 0.291 
RIO v R13 5.29 0.021 0.440 
R l l v  R 1 3  5.17 0.023 0.482 
R l l  v  R 1 4  5.10 0.024 2.922 
R12vR13 4.25 0.039 0.556 
R13v R14 3.68 0.055 0.559 
13-strand/li-tum of LRR 
Rl v R3 4.23 0.040 2.526 
Rl v R12 11.37 0.001 3.585 
R3 v R4 9.10 0.003 2.670 
R3 v R5 5.03 0.025 2.322 
R3 v R7' 6.19 0.013 2.167 
R3 v R8 7.03 0.008 2.397 
R3 v RIO 13.87 0.000 4.540 
R3 v Rl 1 13.62 0.000 4.750 
R3 v R12 6.15 0.013 2.525 
R5 v R12 10.16 0.001 2.263 
R7C v R8 4.41 0.036 1.988 
R7C v R12 10.67 0.001 3.520 
R8 v R12 11.39 0.001 2.132 
RIO vR12 10.60 0.001 2.644 
L'nfratned LRR 
R3 v R8 3.94 0.047 0.257 
Figure 1. Sequence assembly of BAC 91 FI 1. The BAC 91 Fil sequences have been 
assembled into three contigs of 12,608,42,935 and 61,934 bases. The ruler underneath the 
contigs provides an estimated distance in nucleotides. The direction of the contigs was 
confirmed by BAC-end sequences from 36014, 68K.7, 50L4, 101H11, 42M7, 49B23, 25B1. 
10C2 and 68J10 in Williams 82 linkage group J contig (Graham et al. 2000). The location of 
the BAC-end sequence is shown on the ruler. BLASTX (Altschul et al. 1997) was used to 
compare sequences against the genbank nonrcdundant database (December, 2000). 
TBLASTX was used to compare sequences against dbEST (December 2000). The numbers 
and letters above the R-gcnc scqeunces are reflected in the text and in the primer names. 
Arrows above the predicted open reading frames indicate the probable direction of 
transcription. 
Figure 2. Structure of BAC 91F11 R-gene sequences. The name of each of the sequences 
appears to left. TIR, NBD, LRR and conserved domains of unknown function homologies 
arc shown in red, green, yellow and black, respectively. Homology to putative secretory 
proteins is shown in blue. The remainder of the open reading frame is white. Introns (grey) 
are not drawn to scale. The size of the intron is noted above. Gcnc 7 has three frame shifts 
which would result in a truncated product. Their location is noted by a black dot. 
Figure 3. Comparison of the putative secretory portion of R-genes 13 and 14 with 
homologous sequences from other species. A. Amino acid alignment of putative secretory 
genes. Sequences were aligned using the GCG program Pileup. The sequences for the 
secretory portion of genes 13 and 14 begins immediately where R-gene homology ends. The 
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sequences have the following GenBank accession numbers: pBH6-17 (GB T06205), HP 
(hypthetical protein Triticum aestivum; GB ADD46133.1), WCI-5 (GB T06278), HP1 
(hypothetical protein Arabidopsis thaliana', GB AAD25570.1), HP2 (hypothetical protein 
Arabidopsis thaliana; GB AAD25577.1) and NtPRp27 (GB BAA81904.1). B. Phylogenetic 
relationships of secretory proteins from a variety of plant species. The phylogenetic tree was 
built using the default options in the GCG programs Paupsearch and Paupdisplay. 
Figure 4. Amino acid alignment of the LRR region of BAC 91F11 R-genes. Aligment of the 
LRR region was performed using the GCG program Pileup. Most of the 91F11 LRRs have 
the conserved core consensus sequence LxxLxxLxxxxCxxL, where x can be any amino acid. 
The 13-strand/B-turn domain of the LRR is shaded in gray to demonstrate the hypervariability 
of the amino acids in this region. Dots in the sequence represent a match to the consensus 
sequence. Small letters represent amino acids not matching the consensus. Dashed lines in 
the consensus sequence demonstrate no amino acid conservation. 
Figure 5. Phylogenetic analyses of the BAC 91F11 R-genes. Analyses were performed 
using the heuristic tree search and parsimony options within the GCG program Paupsearch. 
Boostrap values arc indicated for nodes supported by >60% of 1000 replicates. A. 
Phylogenetic analysis of the complete length of BAC91F11 R-genes. The secretory portions 
of genes 13 and 14 were removed for this analysis. B-E. Phylogenetic analyses of the TIR 
(TolI/Intcrleukin-1 cytoplasmic receptor), NBD (nucleotide binding domain), IV (intervening 
region) and LRR (leucine rich repeat) regions of BAC 91F11 R-genes. F. Phylogenetic 
analysis of 300 bases preceeding the translation start site. 
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Figure 6. Sample RT-PCR reactions of the 91 FI 1 gene specific primer pairs. A. Control 
reaction to test for genomic DNA contamination of mRNA samples. Primers used for the 
control were developed from a soybean tubulin EST. B. RT-PCR reactions using the 91F11 
gene-specific primers R2, R8, R12 and Rl. C. RT-PCR results for each of 91F11 R-genes 
tested. The y-axis lists each of the gene specific primer pairs. The x-axis lists the tissue 
sources used for RT-PCR. Expressed genes arc labeled with a plus sign. Undetected genes 
arc labeled with a negative sign. 
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CHAPTER 5. GENERAL CONCLUSIONS 
Conclusions 
In 1996, degenerate oligonucleotide primers were used to amplify resistance gene 
analogs from soybean (Kanazin et al. 1996), a species from which no disease resistance 
genes have been cloned. Like resistance genes, the RGAs clustered in the genome. In 
addition, a cluster of RGAs coincided with previously mapped resistance genes on soybean 
linkage group J; Rps2 for Phytophthora root and stem rot resistance, Rmd-c for powdery 
mildew resistance, as well as the ineffective nodulation gene, RJ2. Based on BAC 
fingerprinting and PCR-based markers, a contig of BACs was developed for this region from 
soybean cultivar 'Williams 82' {rps2, Rmd, rj2). Allele-spccific markers were used to orient 
the contig in two populations segregating for the three genes (Marek and Shoemaker 1997). 
The inititial identification of the RGAs was based upon conserved nucleotide binding 
domains. The next step was to demonstrate the RGAs contained other signatures associated 
with disease resistance genes and to determine if the RGAs were expressed. This was done 
by screening two different cDNA libraries with RGA class-specific probes (Graham et al. 
2000). We identified several different RGA cDNAs with homology to the TIR/NBD/LRR 
family of disease resistance genes. The cDNAs were genetically mapped and two of the 
cDNAs mapped to opposite ends of a single BAC within the linkage group J contig. cDNA 
LM6 was isolated from an epicotyl library while MG13 was isolated from a root library. We 
then became interested in examining the expression of individual R-genes within this cluster. 
In order to do so, we required extensive sequence information from this cluster. We 
used a two-tiered approach to obtain sequence information. The first was a PCR-based 
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genomic sampling approach which took advantage of the high nucleotide identity shared 
between cDNAs MG13 and LM6. Based on the nucleotide sequences of these cDNAs, we 
designed nine primer pairs which amplified overlapping segments of R-genes. Using these 
primers allowed us to amplify R-gene sequences from multiple genes within BAC 34P7 from 
the linkage group J contig. The second approach for obtaining sequence information was 
shotgun cloning and sequencing of BAC 91F11. The BAC 91F11 sequences have now been 
assembled into three large contigs of 12,608, 42,091 and 61.394 nucleotides. Markers 
developed from BAC-end sequences have been used to orient the contigs relative to each 
other and the BAC. 
Analyses of the sequences have allowed us to identify fifteen different R-gene 
sequences with homology to the TIR/NBD/LRR family of disease resistance genes. Two of 
the BAC 91F11 R-genes may represent a novel class of disease resistance genes. Genes 13 
and 14 contain complete TIR and NBD domains but are fused in frame to a sequence with 
homology to a secreted protein from tobacco, NtPRp27 (Okushima et al. 2000). 
Interestingly, NtPRp27 expression mirrors that of PR-1, suggesting NtPRp27 is involved in 
downstream pathogen defense responses. 
One of the purposes of this project was to determine if genes in the linkage group J 
RGA cluster were expressed and if differential expression occurcd. Sequence differences 
between the 15 R-genes were used to design twelve pairs of gene-specific primers for use in 
RT-PCR. RT-PCR was performed on a variety of tissues and at different stages of 
development. Three of the genes examined are constitutively expressed while three genes 
arc differentially expressed. 
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In addition to examining the expression of the R-genes, we were interested in 
determining how the genes within this cluster evolve. Unequal intragenic recombination 
does not appear to play a role in the evolution of the LRRs. Only a single gene had variation 
in LRR copy number. This suggests the LRRs of the BAC 91F11 R-genes are evolving 
mostly by the accumulation of point mutations within the (3-stand/B-turn motif of the LRR. 
PCR sampling of BAC 34P7, however, suggests unequal intragenic recombination has 
occurred in other regions of the genes. We also found evidence of unequal intergenic 
recombination. Analysis of the fusion junctions and the adjacent sequences of genes 13 and 
14 suggests one of the sequences arose through direct duplication of the other. 
In conclusion, we have demonstrated that at least some of the RGAs arc expressed 
genes containing conserved signatures associated with disease resistance genes. Using a 
PCR genomic sampling approach and shotgun sequencing, we have been able to examine the 
organization, expression and evolution of a disease resistance gene cluster in soybean. 
Future Research 
One of our main research objectives is to clone the genes responsible for 
Phytophthora stem and root rot resistance (Rps2), powdery mildew resistance (Rmd-c) and 
ineffective nodulation (RJ2). In this pursuit, we have constructed two BAC libraries from the 
mapping parents, L76-1988 (Rps2. Rmd-c, RJ2) and L82-2024 (rps2, rmd, rj2) originally 
used to map the gene cluster. An RGA class 1 specific probe was used to identify BACs 
from each of these libraries by hybridization. PCR markers developed from BAC end 
sequences and BAC fingerprinting were used to assemble the BACs into two additional 
contigs corresponding to the 'Williams 82' linkage group J contig (Fig. 1). We hope to 
sequence the regions corresponding to BAC 91F11 in each of these haplotypes aid in the 
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Figure 1. BAC contigs from Williams 82, L76-1988 and L82-2024 spanning 700 kb 
on soybean linkage group J. A724 and A233: RFLP markers. 89L6R2,68J10R, 
91F11L and 25B1U: BAC-end derived markers. E25T24, E33T22, and E30T33: 
AFLP markers. Sat_144: microsatellite marker. Disease resistance genes Rmd 
(powdery mildew) and Rps2 (Phytophthora root rot) and ineffective nodulation gene, 
Rj2. The area outlined in grey contains the BACs from each of the cultivars that 
correspond to BAC 91F11. The green lines represent PCR primers used in developing 
the L76-1988 and L82-2024 BAC contigs. 
124 
identification of the genes corresponding to Rps2, Rmd and Rj2. In addition, we would like 
to answer the following questions: 1) How do sequences differ between resistant and 
susceptible alleles? 2) Do symbiont recognition and pathogen recognition occur by similar 
mechanisms? and 3) What sequence differences affect the timing of the resistance response 
leading to complete resistance versus adult-onset resistance as in the case of Rmd and Rmd-c. 
In addition, we will further examine the TIR/NBD/secretory genes 13 and 14. Thus 
far, we have been unable to identify secretory sequences fused to resistance genes in either 
the GcnBank or dbEST databases. Examination of the completed Arabidopsis genome 
reveals there are no R-genes fused to secretory proteins in the Arabidopsis genome. To 
determine if these genes are unique to soybean or occur in other plant species, wc arc in the 
process of developing degenerate primers that span the R-gene and secretory protein fusion. 
These primers will be use on a variety of plant species including maize, tomato and rice. In 
addition, wc would like to examine the different members of the legume family including 
cowpea. common bean, peanut, pea, lotus and Medicago truncaiula. 
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